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CHAPTER 1 


Introduction 

Combustion of fossil fuels currently supplies more than 98% 
of the United States energy needs. While the development of 
alternative energy sources such as nuclear, solar, and geothermal 
should increase their importance in future years, it will be some 
time before fossil fuel combustion is replaced as our dominant 
source of energy. An estimate by Starr^^^ indicates that by the 
year 2000 only 17% of the total United States energy needs will be 
supplied by these alternate sources. Unfortunately combustion 
processes involving fossil fuels are also major contributors to 
pollutant emissions. The fraction of total emissions attributable 
to combustion is shown in Table 1-1. Since it is unlikely that 
combustion will be eliminated as a major energy source in the near 
future it is imperative that methods of controlling pollutant 
formation in various combustion processes be developed. 

TABLE 1-1. Contribution of Combustion 
Sources to Pollutant EmissionsL^J. 


carbon monoxide 89% 
hydrocarbons 89% 
polynuclear aromatics 93% 
oxides of nitrogen 98% 
oxides of sulfur 76% 
particulates 73% 


Aircraft engines represent a relatively small contributor 
to the total air pollution problem (Table 1-2). On a local basis. 
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TABLE 1-2. Aircraft Contributions to 
Air Pollution, Percent of Total 



CO 

HC 

NOx 

Particulate 

SOx 

United States, 1968 

2.4 

0.9 

1.7 

0.1 

0.03 

New York City, 1968 

0.6 

0.6 

0.2 

0.2 

- 

Los Angeles, 1970 

1.5 

3.2 

1 .4 

11.5 

2.0 

San Francisco, 1970 

1.0 

1.5 

1.3 

6.6 

1.0 

San Francisco, 1985 

10.9 

3.5 

11.6 

9.3 

2.2 


however, the growth of air traffic combined with control of other 
pollutant sources could make aircraft (which are primarily powered 
by gas turbine type combustors) a significant source of pollution. 
This is particularly applicable in the immediate vicinity of an 
airport and in urban air basins containing larger airports. The 
gas turbine engine has also been mentioned as an alternative power 
source for ground transportation and stationary power genera- 
tion^.^’ Its development as such could significantly change 

its role as a minor source of air pollution. 

The possible impact of high altitude aircraft emissions on 
the earth’s ozone layer has recently been realized^^^. This ozone 
layer is responsible for filtering out harmful untraviolet 
radiation from the sun's rays. Some scientists have claimed that 
the addition of a relatively small amount of NO^ could result in 
a significant depletion of the ozone in the layer^.^^ Crutzen^^^ 
has proposed a catalytic cycle involving the following reactions 

NO + O 3 NO 2 + O 2 
NO + 0 ^ NO + O 2 


NET: O 3 + 0 -> 2 O 2 
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The net effect is the destruction of ozone while the total amount 
of N0„ is conserved. Under such considerations the control of NO 
emissions from gas turbine type engines takes on a special 
importance. 

Typical exhaust emission data for a commercial jet engine 
are shown in Figure 1-1. Both unburned hydrocarbons (UHC) and CO 
are high at low power settings, whereas NO^^ is highest during take 
off. Inefficient combustion, as reflected by high levels of UHC 

and CO, is the result of inadequate burning rates in the primary 
combustion zone followed by thermal quenching of oxidation 
reactions involving intermediate hydrocarbon species and CO in 
cooler downstream regions and near the combustor walls. This 
thermal quenching at low power settings is primarily the result 
of 1) poor fuel atomization at low fuel flow rates, 2) low primary 
fuel-air ratios, and 3) low combustor inlet temperature and pres- 
sure^^^^. Each can be reduced by providing sufficiently high 
temperatures and long residence times. 

NOj^ formation on the other hand is almost solely determined 
by maximum flame temperatures existing in the combustion zone. 

This strong dependence on flame temperature is shown in Figure 
1-2. emissions from a number of different gas turbines are 
found to correlate quite well with the maximum local temperature 
in the combustor (assuming stoichiometric combustion). Residence 
time also has an effect, although somewhat smaller. Thus most 
attempts to control formation involve reductions in the flame 
temperature. 
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<ldle) Engine speed, percent (Takeoff) 

Figure 1-1. Typical engine emission characteristics.rg-i 
Engine pressure ratio, 13.4; fuel, JP-5.'' •* 



Fig.ure l-2.' Arrhenius plot of oxides of nitrogen emissions 
index (reported as NO^). Temperature refers 
. to maximum local combustor temperature based., 
on adiabatic, stoichiometric combustion. HI] 
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The most direct approach to the development of a low 

emission combustor is through minor modification of existing 

combustor designs. This involves improved fuel injection techni- 

[12, 131 

ques, changes in airflow distribution, and water injection 

The resulting design is a compromise with regard to the various 
pollutants and other aspects of combustor performance with a 
limited range for improvement. 

A more promising approach is the development of new advanced 
design combustor concepts. These include variable geometry, staged 

ri2l 

combustion, and premixing of fuel and air*- Preliminary com- 
bustor designs incorporating these concepts under the NASA Clean 
Combustor Program have either achieved or closely approached idle 
emission goals for CO and UHC. However, all combustors failed 

[91 

to meet the emission goal of 15 g NOg/kg fuel during takeoff- 
A further problem with control can be expected for super- 
sonic aircraft operating under cruise conditions. In subsonic 
flight NOj^ emissions at cruise conditions are less than those at 
takeoff due to the low ambient temperature at high altitudes. 

This results in a low combustor inlet temperature and a low flame 
temperature. NO^^ emissions at takeoff thus represent an 
upper limit on expected emissions. For supersonic aircraft 
however,’ combustor inlet temperature increases significantly with 
flight mach number and can result in an increase in emissions. 
Combustion efficiencies approaching 100% are commonly attained for 
both subsonic and supersonic aircraft under cruise conditions 
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Of the various advanced concepts being developed to reduce NO 

A 

emissions perhaps those holding the greatest promise involve le^in 
premixed combustion with fuel prevaporization^^^^. Premixing and 
prevaporization provide a uniform mixture of fuel and air to the 
combustion zone. This eliminates locally fuel rich mixtures and 
low temperature regions associated with soot formation and high 
levels of UHC and CO. Also eliminated are locally stoichiometric 
mixtures and the associated high temperatures and NO production 
rates. Since high inlet temperatures are desirable to aid in fuel 
prevaporization and are necessary in the automotive application 
of gas turbines due to regeneration, low combustion temperatures 
and NOj^ control are attained through lean inlet fuel air mixtures. 

In a' premixed/prevaporized system no time is required for fuel 
vaporization and fuel -air mixing. Thus it should be possible to 
minimize the high temperature residence time without reducing 
combustor efficiency. This provides a further means of limiting 
NO^ production. A secondary advantage of premixed/prevaporized 
systems is a more uniform turbine inlet temperature, thus 
eliminating local hot spots on turbine blades. It is with this 
means of NO^^ emission control, namely premixed lean combustion 
with elevated inlet temperatures, that the present investigation is 
concerned. 

The effect of primary zone uniformity on nitric oxide produc- 

ri51 

tion has been studied by Fletcher and Heywood*- based on a statis- 
tical evaluation of the primary zone equivalence ratio distribution. 
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The greater control over emissions possible in a premixed system 
can be seen from Figure 1-3. Injection of liquid fuel as a spray 
into the combustion zone results in a wide variation in local fuel 
air ratio and a greatly reduced sensitivity of formation to 
overall equivalence ratio. By providing a uniform fuel-air mix- 
ture to the combustion zone a very strong dependence of forma- 
tion on equivalence ratio is found. This results in a significant- 
ly greater potential to control emissions through stoichiometry 
than is possible with conventional combustors. 

It should be noted a practical limit exists on the amount 
by which emissions can be reduced. The above combustor design 
concepts involve control of combustion temperature, and to a lesser 
extent combustor residence time, to minimize emissions at all 
operating conditions. As mentioned previously the oxidation rates 
of UHC and CO depend on temperature as does the NO formation rate. 

As a result for a given residence time, only a finite range of 
temperatures exist where both NO and CO can be maintained at 

A 

relatively low levels. This is shown in Figure 1-4 for a hypo- 
thetical combustor. The limits for CO and NO shown in the graph 

A 

correspond to 1977 automotive standards for a fuel consumption of 
4.25 km/ji. UHC emissions closely follow the trends shown for CO. 

The combustor chosen for this study is an opposed reacting 
jet (ORJ). The ORJ is shown in Figure 1-5. It consists of a main 
premixed stream of fuel and air, and a smaller stream of premixed 
fuel and air injected along the centerline and in a direction 
opposite to the main stream. The result is the formation of a 
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Equlvalence ratio, <p 

Figure 1-3. Variation of nitric oxide concentration 
with equivalence ratio distribution. tyj 



PRIMARY ZONE TEMPERATURE. «K 


Figure 1-4. Influence of primary-znne temperature on 
CO and NO emissions. Li 
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stagnation region and a zone of strongly recirculating combustion 
gases. This recirculation of hot partially burned combustion 
gases back upstream into the flame zone allows stabilization of a 
flame at velocities significantly higher than the flame velocity 
associated with inlet conditions. 

The ORJ has several advantages which make it adaptable to an 
investigation of the elementary processes governing pollutant 
formation. These are primarily due to the simplified geometry and 
flowfield it provides. In a more complex combustor configuration 
such as encountered in many full scale combustors separation of 
fluid mechanical and chemical kinetic aspects of the combustion 
process is extremely difficult. A model combustor such as the 
ORJ facilitates this process by providing greater control over 
those parameters which most affect pollutant formation. These 
include equivalence ratio, inlet temperature, and recirculation 
zone size. The axisymetric geometry of the ORJ also simplifies 
the specification of boundary conditions and the choice of a grid 
network for the numerical finite difference calculations which 
are discussed in Chapter 4. 

The existence of a recirculation zone provides a relation 
between the ORJ and most real combustor systems. In a typical 
gas turbine type combustor recirculation into the primary combus- 
tion zone is controlled by secondary air injection through 
circumferentially located holes in the combustor walls, swirl er 
vanes located at the upstream end of the combustor, or a combi na- 
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tion of these. A schematic of the resulting flowfields for a 
conventional combustor and two advanced design combustors are 
shown in Figure 1-6. Most advanced combustor designs are provided 
with a capability for premixing fuel and air in an optimum ratio 
to limit pollutant formation, but flame stabilization in the pri- 
mary combustion zone is still provided by recirculation. Thus a 
fundamental study of pollutant formation in a simplified recircula- 
tion zone such as that provided by the ORJ has direct application 
to most gas turbine type combustors. 

Propane (CgHg) was selected as a fuel in the present investi- 
gation. This lead to difficulties in the kinetic modeling part of 
the investigation due to uncertainties in the high temperature pro- 
pane oxidation mechanism. However, propane was felt to be more 
typical of the higher hydrocarbon constituents found in 
aircraft fuels such as JP-4 than perhaps methane which is better 
understood kinetically but less realistic as an aircraft fuel. 

A comparison of operating conditions in the model ORJ combus- 
tor of the present investigation with those in several current and 
proposed gas turbine combustors is shown in Table 1-3. It can be 
seen that both the maximum combustor inlet temperature (600° K) 
used in the present investigation and the combustor exit tempera- 
tures attained are comparable to those encountered in full scale 
gas turbine combustors. Equivalence ratios given for the full 
scale combustors represent overall values, including dilution air, 
and are therefore not directly comparable with the values used in 
this investigation. Actual combustion in current full scale combustors 
occurs at more nearly stoichiometric conditions. 
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a) Conventional combustor 



rsT 

b) NASA modular swirl can combustor*- ■* 

Figure 1-6. 'typical gas; turbine combustor schematic diagrams 
showing location 'Of recirculation zones for 
flame ‘Stabilization, 




TABLE 1-3. REPRESENTATIVE OPERATING CONDITION COMPARISON OF PRESENT 

AND PROPOSED GAS TURBINE C0MBUST0RSL9J. 

COMBUSTOR 


COMBUSTOR 

CRUISE 
MACH. NO. 

CRUISE 

ALTITUDE (m) 

COMBUSTOR INLET 
TEMPERATURE (“K) 

INLET 

PRESSURE (atm) 

COMBUSTOR EXIT 
TEMPERATURE (®K) 

EQUIVALENCE 
RATIO, ♦ 

FUEL 

Pratt & Whitney 
JT9D 

0.85 

10,700 

710 

9.7 

1410 

.018* 

JP-4 

Future Turbofans 
(subsonic) 

0.85 

12,200 

661 

7.2 

1540 

.026* 

JP-4 

RB 211 

0.85 

10.670 

703 

10.1 


- 

JP-4 

Olympus 593 

2.0 

17,700 

824 

6.5 

1320 

.0141* 

JP-4 

GE-4/J5P 

2.7 

19,810 

866 

5.4 

- 


JP-4 

Future duct 
burning turbo- 
fans (supersonic) 

2.7 

19,800 

810 

4.7 

1770 

.0299* 

JP-4 

This study 

- ' 

- 

300-600 

1.0 

1400-1900 

0.45-0.625 Propane 


* Overall combustor equivalence ratio, includes primary and secondary air 
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The pressure in the model ORJ combustor is significantly lower 
than in full scale combustors. However the primary effect of a 
higher inlet pressure on the combustion process is through an 
increase in flame temperature. Thus an increase in pressure 
could be expected to reduce both UHC and CO levels and increase the 

levels measured in this study. A premixed/prevaporized system 
achieves emission reductions primarily through combustion tempera- 
ture control. As mentioned above, the temperature range investigat- 
ed is similar to that which would be encountered in full scale gas 
turbine combustors. The effect of higher inlet pressures under 
actual operating conditions would be compensated for by a decrease 
in equivalence ratio and therefore emission levels could be expected 
to be similar in the model ORJ combustor and full scale premixed/ 
pre vaporized systems. 

In Chapters 4 and 5 an analytical modeling technique is 
described and the predicted results from this model are compared 
with experimental results in an attempt to evaluate the usefulness of 
his model in predicting flowfield property and species concentration 
distributions. Combustor design development has usually involved 
somewhat of an empirical trial and error approach in which previous 
experience and experimental data on full scale combustors are used 
to modify existing designs until the desired results with respect 
to combustor performance or emission levels is achieved. Such 
an approach however can be quite time consuming and expensive. 

Much of the time consuming experimental work associated with 

this approach can be eliminated by utilizing the predictions of 

analytical modeling techniques. This can be done only if such 
modeling techniques can be demonstrated to yield accurate predic- 
tions of combustor performance for the complicated flowfields 
characteristically found in practical gas turbine combustors. 



CHAPTER 2 


EXPER IMENTAL INVESTIGATION 

The experimental part of this investigation deals with the 
measurement of detailed composition and temperature profiles in an 
opposed reacting jet combustor operating under fuel lean conditions. 
The present chapter describes the experimental equipment and pro- 
cedures associated. with this investigation. The combustor test 
facility is described in section 2.1. Section 2.2 discusses the 
selection and fabrication of analytical equipment associated with 
the composition and temperature measurements. 

2.1. Experimental Facility 

A schematic diagram of the experimental apparatus is shown 
in Figure 2-1. Air is supplied by the house air system. The 
humidity of the incoming air is measured continuously and found to 
remain constant at 0.00151 gm H20/gm air. Installation of six 6-Kw 
resistance heaters provide control over the reactant inlet tempera- 
ture up to approximately 700 K. Propane and main stream are mixed 
upstream of the combustor test section in a venturi section. The 
flow then passes down a 1.0 meter long straightening section to 
assure a fully developed velocity profile and uniform composition. 
Measurements were made of the radial velocity profile at the test 
section inlet using a stagnation pressure probe in conjunction with 
a static pressure tap in the wall. The velocity profile indicated 
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turbulent flow exists under the entire range of experimental conditions 
(Re > 10^). Composition measurements using a quartz sampling probe 
and a mass spectrometer for analysis of Ng* Og and C^Hg showed, that 
the venturi mixer is effective in producing a uniform compositfori 
profile at the test section inlet. ? 

The combustor test section is shown in Figure 2-2. The test 
section consists of a 58 mm I.D. x 356 mm in length high temperature 
vycor liner. The test section is wrapped in 25.4 ram thick asbestos 
lagging to make the combustor more nearly adiabatij:. Temperatures 
were measured at several locations inside the lagging to determine 
lagging effectiveness. The resulting temperature profiles indicat- 
ed a heat loss of less than 0.3 percent of the total energy release 
due to combustion. 

Jet air and propane are metered separately through rotometers 
and mixed in a mixing tee before passing into the jet injector. 

The stainless steel jet injector extends 63.5 mm into the test sec- 
tion. It has a 6.35 mm O.D. and a 3.97 mm I.D. at the jet exit the 
inner diameter is reduced to 1.59 mm through a converging nozzle. 

The injector is of standard triple wall construction to allow water 
cooling and operation of the ORJ at high combustion temperatures. 

The experimental facility is discussed in more detail in Appendix A. 

2.2. Analytical Equipment 
2.2.1. Composition Measurements 

Two primary considerations must be dealt with when taking 
composition measurements in combustion systems. Any disturbance to 
tile system being sampled from must be minimiz^iii and an accurate or 
representative sample must be transferred to tte gas analysis equtxnent. 
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Three comonly used gas sampling probes are cooled stainless 

steel probes and cooled and uncooled quartz microprobes. In the 

case of the cooled probes, chemical reactions are quenched through 

a rapid reduction in tempera tureP^^ Additional quenching is often 

provided by expansion of the sample gases to a low pressure through 

a small diameter orifice located at the tip of the probe. A major 

disadvantage of the use of water cooled probes in recirculating 

flow systems is the possibility of disturbance to the system due 

to flow along the cold outer surface of the probe. In an effort 

to minimize this effect, it was decided to use a small diameter 

uncooled quartz probe designed according to recommendations by 

ri9l 

Fristrom and Westenberg. ■* 

A comparison of NO^ measurements using a totally uncooled 
quartz probe and a water cooled quartz probe indicated that NO^ 
levels up to a maximum of 20% higher were obtained with the uncooled 
probe. These measurements were taken near the outer flame zone where 
the flow is predominantly downstream and the effect of the cooled 
probe walls on the combustion process was felt to be minimal. Thus 
the higher NO^ levels obtained with the uncooled probe were 
attributed to NO^ being formed in the probe. It was felt this was 
due to the high temperature of the probe walls resulting from the 
extended length ( 178 mm) of uncooled probe surface exposed to the 

hot combustion gases. This probe formation of was eliminated 
by enclosing all but that portion of the probe entering the recircu- 
lation region in a stainless steel cooling jacket. The two 
probes used in the present investigation are shown in Figure 2-3. 

Both probes are identical except for the 45° bend in the lower probe. 
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This bend made it possible to obtain measurements in the recircula- 
tion region up to the combustion centerline. 

The probe is mounted on a specially built traversing mechanism 
which provides three degrees of freedom (Figures 2-4 and 2-5). 

With the probe inserted through the downstream end of the test sec- 
tion radial postion can be controlled to the nearest 
0.025 mm using micrometers, while axial position can be controlled 
to the nearest 3.0 mm. 

To determine the effectiveness of quenching, detailed kinetic 
calculations were made for temperature and pressure profiles in the 
probe which were felt to reasonably approximate the actual profiles. 
These calculations and the results are described in Appendix B. The 
probe v/as predicted to provide quenching for the stable species C^Hg 


CO, COg. HgO, 02» NOj^ and Ng. However, as Allen^^^^ has pointed 
out, wall reactions in which NO can undergo recombination reactions 
with radicals (e.g. 0, HOg) to form NOg may be important in sampling 
probes. Wall reactions were not included in the above kinetic 
calculations, and no attempt was made to include reactions, involv- 
ing conversion of NO to NOg.: ' 


9 


The sample passes through a 6.35 mm diameter teflon fine to 
the gas analysis equipment after leaving the probe. This is shown 
in Figure 2-6. Carbon monoxide was measured using a Beckman Model 
315A nondispersive infrared analyzer. The presence of water in the 
sample is known to interfere with CO measurements. However, at the 
concentrations of interest in the present work (less than 10 mole 
percent HgO) this interference was negligible. 





GAS FLOW 
FROM PROBE 



Figure 2-6. Gas analysis equipment. 
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NO and NOg were measured using a laboratory built chemilumi- 
nescent nitric oxide detector modified for the measurement of total 
NO^ by the addition of a heated length of molybdenum tubing^^^* 

The heated molybdenum catalytically promotes the dissociation of NO 2 
to NO. NO 2 is then taken as the measured difference between the 
total NOj^ and the NO readings. 

Several difficulties are encountered when measuring oxides of 

F221 

nitrogen. Tuttle, et ■' has pointed out that water condensa- 

tion in the sample line is associated with significant NO 2 losses. 
This problem was solved by maintaining the sample line pressure 

at approximately 30 torr to prevent water condensation. A buildup 

T221 

of carbon particulate in the sample system has been shown*- ■* to 

result in adsorption of NO 2 and reduction of NO 2 to NO. However, 

because of the lean conditions of the present experiment, very little 

carbon was produced. This was verified by placing a particulate 

filter in the sample line. No carbon buildup was found to occur on 

the filter. Thus the presence of carbon in the sample line was not 

considered to be a source of error in composition measurements. 

NO measurements using a chemiluminescence detector can also 

[23 24l 

be affected by the presence of H 2 O and CO 2 in the gas sample. , ’ -* 

This is due to the different third body efficiencies associated with 
the third body decay reaction 

NO* + M^N02 + M (2-1) 

Reaction (2-1) is in competition with the photorelaxation reaction 

NO 2 ^ NO 2 -1- hv (2-2) 
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Thus variations in the concentrations of HgO and CO 2 at different 
combustor locations can have an effect on measured NO^ readings. 

This effect was quantized through calibration and corresponding 
correctiorts were applied to the data (Appendix C). All measure- 
ments in this investigation were carried out at a pressure of 2.7 
torr in the chemiluminescence detector. At this pressure the 
presence of 10 mole percent COg in the Ng carrier gas was found to 
result in NO readings approximately 5 percent too low. Interference 
corrections for HgO were approximately 3 times those of COg. These 
values are in agreement with those Of other investigators. 

Othdr stable species were measured using a Bendix model 17-210 
time-of- flight mass spectrometer. These species included HgO, Og, 

Ng, COg, and C^Hg. In the case of HgO and Og, distinct mass spectra 
peaks free from any interfering species existed at mass numbers 
(m/e) of 17 and 18 for HgO and 32 for Og and the concentrations were 
determined directly. Ng (m/e =14), COg (m/e = 14, 44), and CgHg 
(m/e = 14, 43, 44) had interfering peaks and a least mean squares 
computer program developed ly McLean and Sawyer^^^^ was used to 
analyze the data. Note in the case of Ng and C^Hg that secondary 
peaks, and not the primary or base peaks, were used to determine the 
their concentrations. Use of the above peaks was found to minimize 
interference between the various species and provide maximum 
reproducibility. 

Hydrocarbon species other than propane most certainly exist 
at some point in the combustor. Investigations by Glassman, 
et of propane in an adiabatic flow reactor indicate interme- 

diate species C^Hg, CgH^, CH^, and CgHg exist in measurable quantities 
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during the early oxidation phase of CgHg. However, examination of 
the mass spectra obtained in the present work indicated these 
species existed in negligible concentrations compared to other 
species of interest. Because of this the only unburned hydrocarbon 
species measured quantitatively was propane appropriate corrections 
were applied to the mass spectrometer data to account for the 
presence of CO. 

2.2.2. Temperature Measurements 

Temperatures were measured using a Pt/Pt-13% Rh fine wire 

thermocouple. The thermocouple and supporting ceramic stem are 

shown in Figure 2-7. A yttrium chloride-beryllium oxide coating 
f27l 

developed by Kent*- ■* was used to reduce the possibility of cataly- 
tic reactions occurring on the thermocouple surface. The thermo- 
couple probe was mounted on the same traversing mechanism as was 
used with the sampling probes. 

Thermocouple measurements in the present combustion system 
involve measuring relatively high temperatures ('^ 1800 K) in regions 
where steep temperature gradients often exist. Under such conditions 
both radiative and conductive heat losses from the thermocouple 
junction can be important. The use of 0.076 mm lead wires between 
the auction itself and the stronger 0.254 mm diameter support wires 
can be shown to make conduction losses negligible.^^®^ The lead 
wires are butt welded together to form a junction only slightly 
larger than the lead wire diameter (approximately a 0.114 mm 
diameter bead). Since readiative losses are proportional to bead 
size, this also acts to minimize radiative losses from the thermo- 
couple junction. For a fine wire thermocouple the difference 




Figure 2-7. Thermcouple probe. 
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between the gas temperature and the measured thermocouple tempera- 
ture can be estimated from the following relation 

" ^TC ' (2-4) 

where 

Tg = actual gas temperature 

Tjg = measured thermocouple temperature 

= combustor wall temperature 

a = Stefan-Boltzman constant 
e = emissivity of the thermocouple junction 
h = heat transfer coefficient 

The heat transfer coefficient, h, can be obtained from the 

r 28 l 

expression. 

Nu = -ij^ “ 0.42 Pr°*^ to 0.57 Pr°'^^ Re°‘^ (2-5) 

which is valid for 0.01 < Rejg < 10000. Here d is the thermocouple 
junction diameter and k is the gas thermal conductivity. Unfortu- 
nately the information needed to calculate thermocouple corrections 
from the above equations is largely unknown for the flowfield of the 
present investigation. Estimates can be made of the local gas 
properties for those cases in which complete composition and tempera 
ture measurements were taken. However velocity measurements which 
are needed to calculate the local Reynolds number were not made, and 
in a recirculating flow such as encountered here even an estimate of 
the velocity distribution would be difficult. Because of these 
difficulties radiation corrections to the thermocouple measurements 
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were riot attempted. The maximum correction was estimated to be on 
the order of 200° K at a measured temperature of 1800° K. This 
represents an error approximately 10% in the temperature measure- 


ments. 



CHAPTER 3 


EXPERIMENTAL RESULTS 

Chapter 2 discusses the experimental apparatus and describes 
the analytical equipment used in taking experimental data. This 
chapter presents the experimental results obtained for the opposed 
reacting jet. Experimentally determined lean stability limits of 
the ORJ and methods of increasing these stability limits are 
discussed in Section 3.1. Section 3.2 discusses operating point 
selection. Selected composition and temperature measurements are 
presented in Section 3.3. NO data are discussed in greater detail 
in Section 3.4. A complete set of experimental data for all operat- 
ing conditions can be found in Appendix D. 

3.1 . Stability Limits 

As was mentioned earlier, the purpose of this investigation 
is to examine the formation of pollutant species in a recirculat- 
ing reacting flow under fuel lean conditions. Thus initial efforts 
were directed toward determining the lean stability limits of the 
opposed reacting jet and extending these limits to lower equiva- 
lence ratios. 

The primary variables which affect the stability limits of 

the ORJ are jet stream equivalence ratio, jet stream flow rate, 

and main stream inlet temperature. Changes in jet stream inlet 

temperature when a premixed fuel/air jet was used were found by 
r29l 

Noon*- to have little effect on stability limits and were not 
considered. Figure 3-1 shows the effect of increasing jet stream 
equivalence ratio at a constant jet velocity. The main stream 


30 



STREAM VELOCITY, Vp (m/sec) 



MAIN STREAM EQUIVALENCE RATIO, |^p 

Figure 3-1. Effect of jet stream equivalence ratio 
on stability limits of opposed reacting 
jet combustor. T = 600 K; Vj = 95.9 m/s 
Tj = 295 K. P . 
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equivalence ratio at blowout can be reduced only by increasing the 
jet stream equivalence ratio. The net result is littlei, or no 

I j ^ ‘ V f ' • . \ 

reduction in the equivalence ratio of the recirculation r<sgiion. 

r 3oi ' 

Indeed, Puhs*- -* has proposed that there may be one unique blowout 
curve of main stream velocity at blowout as a function of equiva- 
lence ratio in a small "critical" zone located at the upstream end 
of the recirculation region. A further consideration is that in 
the numerical calculations one species conservation equation can 
be eliminated by maintaining a uniform equivalence ratio through- 
out -the flowfield. This can be accomplished by keeping the primary 
stream and jet stream equivalence ratios equal. Thus extending-' 

^ V 

the stability limits to lower equivalence ratios through ai varia- 
tion in the jet stream compos iti oh does not appear useful -in the. 
current application. : 

Stable operation with both a Ipan primary and jet str^a^m c&n 
be accomplished by increasing the jet exit velocity, as is shown 
in Figure 3-2. There is however a limit on increasing the jet 

velocity. The Mach number at the jet exit should be kept less 
[311 

than O.S*- to avoid compressibility effects. Compressibility 
effects threaten the convergence of the numerical solution:? and 
change the- nature of the -governing equations from elliptic to 
hyperbolic. A jet exit velocity of 168.4 m/s corresponds to 
Mj^T exit ■ represents an upper limit. 

With a jet exit velocity of 168.4 m/s the flame tip is located 
approximately 230 mm upstream of the jet exit. A shorter flame 
zone would be desirable for two reasons. First, probes of the 
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MAIN STREAM EQUIVALENCE RATIO, 0 ^ 

l^igure 3-2. Effect of jet exit velocity on stability * 
limits of opposed reacting jet combustor. 
Tp = 300 K; Tj = 295 K; (f.j * 0.626. 
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type used in this investigation (with a triple-wall water cooling 
jacket) become more difficult to construct as their length 
increases. Second, a longer flame zone requires a greater number 
of grid points to obtain an accurate numerical solution. This 
can significantly affect the time required to obtain a solution. 
For the composition and temperature measurements of the present 
investigation a jet exit velocity of 95.9 m/s was selected. This 
allowed a significant reduction in the number of grid points 
required (the maximum upstream position of the flamefront was 
approximately 152 mm) while at the same time providing a flame zone 
large enough to make possible good spatial resolution in the com- 
position and temperature measurements. 

The most effective way of increasing the lean stability 
limits of the ORJ was found to be an increase in primary stream 
inlet temperature. This is shown in Figure 3-3. For a jet exit 
velocity of 95.9 m/s and a primary stream velocity of 7.74 m/s, 
an inlet temperature of 600®K allowed stable operation to be main- 
tained at an overall equivalence ratio as low as 0.45. An 
increase in jet velocity would of course reduce this stability 
limit further. 

3.2. Operating Conditions 

The operating variables affecting NO formation in the ORJ 
are 1) main stream inlet temperature, 2) equivalence ratio, and 
3) main stream inlet velocity. The affect on NO formation occurs 

J\ 

primarily through a resulting change in flame temperature and 
combustor residence time. Experimental composition and tempera- 
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Figure 3-3. Effect of main stream inlet temperature 
on stability limits of opposed reacting 
jet combustor. Vj = 95.9 m/s; Tj = 295 K. 
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ture measurements were carried out over a range of these operating 
variables which would reflect their influence on production. 
The experimental conditions considered are shown in Table 3-1. In 
all cases, the jet stream velocity and temperature were maintained 
constant at 95.9 m/s and 295®K respectively. NO , NO and tempera- 
ture profiles were measured at all conditions. O 2 , CO 2 , H 2 Q, CO, 
and unburned hydrocarbons were measured only for cases 1, 3, and 6. 

TABLE 3-1. EXPERIMENTAL OPERATING CONDITIONS 

* MAIN STREAM 

EQUIVALENCE MAIN STREAM INLET VELOCITY ADIABATIC FLAME 


CASE 

RATIO 

TEMPERATURE (®K) 

(m/sec) 

TEMPERATURE (®K) 

1 

0.625 

300 

7.74 

1746 

2 

0.625 

450 

7.74 

1857 

3 

0.625 

600 

7.74 

1970 

4 

0.625 

600 

13.59 

1970 

5 

0.550 

600 

7.74 

1838 

6 

0.450 

600 

7.74 

1649 

*Jet 

and main flow 

equivalence ratios 

are equal 

in all cases 

reported. 





-37- 


3.3. Composition and Temperature Measurements 

In this section representative axial and radial profiles are 
presented and discussed. For clarity, the section is divided 
into three Subsections, 3.3.1, 3.3.2, and 3.3.3, in which cases 
1, 3, and 6 are discussed individually. Emphasis is placed on the 
hydrocarbon System, although profiles for oxides of nitrogen 
presented as total are also presented. The effect of operat- 
ing conditions on NO^ formation and measurements of NO and NO 2 
are discussed in more detail in Section 3.4. 

3.3.1. Case 1: <}> = 0.625, Tp = 300 K, Vp = 7.74 m/s. 

Selected axial concentration and temperature profiles for 
case 1 are shown in Figures 3-4 through 3-6 at radial positions 
of 19.2, 11.6, and 1.4 mm from the centerline, respectively. It 
should be noted no temperature measurements were taken at the 
1.4 mm position due to probing limitations. The profiles of 
Figure 3-4 (r = 19.2 mm) show that CO begins increasing approxi- 
mately 110 mm upstream of the combustor exit. The low temperatures 
encountered at this radial location (T < 800®K) indicate this is 
probably the result of diffusion from the inner combustion region 
since little pyrolysis of CjHg would be expected at these tempera- 
tures. The same considerations would also apply to the apparent 
buildup of other combustion products such as COg farther down- 
stream. 

Axial concentration and temperature profiles at a radial 
position of 11.6 mm from the combustor centerline are shown in 
Figure 3-5. A difference is imnediately apparent between the 
turbulent combustion encountered in the ORJ and atmospheric 
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laminar flames in which the flamefroht extends over a distance 
of only several millimeters. As can be seen in Figure 3-5 the 
flaiiiefront extends over a much greater axial distance (approxi- 
mately 20 mm) due to the turbulent unsteady nature of the flow- 
field. The decrease in C 2 Hg and H 2 O is accompanied by a rapid 
rise in temperature to approximately 1200 K as the flamefront is 
crossed. In agreement with laminar flame studies^^^’ H 2 O 
fonns more rapidly than does CO 2 . This is due to the more rapid 
kinetics associated with H 2 O formation. 

The absence of maximum CO at the flamefront can be seen in 
Figure 3-5. CO levels in fuel lean systems are controlled by a 
balance between the primary CO formation and destruction reactions 


HCO + OH -> CO + H 2 O (3-1) 

CO + OH -> CO 2 + H (3-2) 

The absence of an initial maximum in CO indicates that under 
the conditions existing at this radial location the rates of 
reactions (3-1) and (3-2) are comparable. Rate constants for 
' thdse reactions have been given as 
log = 10^^*^ 

.4 [33] 

log k 2 = 10.83 + 3.94 x 10 ^ T 

Note that k^ is independent of temperature and, for temperatures 
greater than 1200 K, k 2 is a strongly increasing function of 
temperature. The ratio of the rates of production and destruction 
of CO via reactions (3-1) and (3-2) can then be written 




^q2.87 + 3.94 X 10"^ T 
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Thus on the basis of temperature only, a maximum in CO could be 
expected at lower temperatures (R^ » Rg). This is contrary to 
the results of the present investigation. A maximum in CO was 
found to occur only in high temperature regions (see for example 
Figure 3-6). It therefore appears that the presence (or lack) of 
a maximum in CO is attributable to the more rapid formation of 
HCO via propane oxidation at higher temperatures. Uncertainties 
in the propane oxidation mechanism make it difficult to draw any 
further conclusions 

r34l 

Fenimore and Moore^- have shown that for temperatures 
greater than 1300 K and sufficiently low post-combustion gas 
cooling rates (-dT/dt < 3.4 x 10^ exp (-19790/T) K/sec) 
reaction (3-2) is in partial equilibrium. These conditions appear 
to be true here once the initial flamefront (as characterized by 
a rapid rise in temperature) has been traversed. Thus in the 
downstream region of Figure 3-5 the relative concentrations of CO 
and CO 2 are governed by the partial equilibrium expression 



where K 2 is the equilibrium constant for reaction (3-2). Since 
the temperature is relatively constant from the initial flame- 
front to the exit, it appears that the ratio [C 0 ]/[C 02 ] is primarily 
controlled by the relative radical concentrations, in particular 
[H]/[0H]. 

Figure 3-6 shows concentration profiles at r = 1.4 mm from 
the combustor centerline. The flamefront is now located 
approximately 150 mm upstream of the combustor exit. The 
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Figure 3-6. Axial concentration and temperature dis- 
tributions at a radial location of 1.4 mm 
from the combustor centerline. Experimental 
case 1. Tn = 300 K; 4) = 0.625; Vn = 7.74 m/s 
Vj = 95.9 Vs. ^ 
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relatively high levels of CO 2 and HgO indicate more complete 
combustion occurring in the intensely mixed recirculation zone 
upstream of the jet exit due to the relatively long residence 
time and high temperatures in the recirculation zone. The maxi- 
mum mole fractions for H 2 O and CO 2 of 0.093 and 0.072 compare 
closely with equilibrium values of 0.093 and 0.0747. 

The CO and CO 2 profiles appear at first surprising, with a 
peak in CO 2 appearing upstream of the CO. A possible explanation 
of this result can be found in the recirculating nature of the 
flowfield, with the flow at this radial position moving upstream 
due to the high jet velocity. This peak in CO is probably 
associated with the oxidation of jet injected C^Hg. 

Some general observations can be made concerning NO forma- 
tion based on the results shown in Figures 3-4 through 3-6. The 
strong dependence of NO on temperature and residence time is 

A 

apparent, with NO^ increasing as one moves radially inward higher 
temperature and downstream toward the combustor exit (longer 
residence time). Maximum NO^ levels occur in the recirculation 
zone (3.2 PPM) where relatively high temperatures and long resi- 
dence times occur. 

Typical radial profiles for case 1 are shown in Figures 
3-7 through 3-9. At the combustor exit (Figure 3-7) the low 
temperature and combustion product concentrations near the Vycor 
wall indicate the flamefront has not yet reached the outer Vycor 
wall. Moving radially inward a buildup of H 2 O, CO, and CO 2 occur 
with a corresponding decrease in CgHg and 02* The maximum 
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Figure 3-7. Radial concentration and temperature 
distributions at the combustor exit. 
Experimental case 1. Tr. = 300 K; 

<t> = 0.625; Vd = 7.74 m/s; V, = 95.9 m/s. 
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Figure 3-9. Radial concentration and temperature distri- 
butions at an axial location of 114.3 mm 
upstream of the combustor exit. Experimental 
case V. Tn = 300 K; cj) = 0.625; = 7.74 m/s; 

Vj = 95.9 '^m/s. ^ 
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temperature attained of 1380 K compares with an adaibatic flame 
temperature of 1740 K, reflecting both radiative losses from the 
thermotouple and incomplete combustion' Using Equation (2-4) the 
radiative losses can be calculated to be approximately 200 K at 
the coiribustor exit. 

A relatively rapid increase in COg can be seen as the jet 
wall is approached even though the temperature appears to be 
decreasing. This can be accounted for by the downstream transport 
of the large quantities of COg existing in the recirculation 
region as opposed to any increase in the local oxidation rate of 
CO. 

The NOj^ concentration profiles again closely follow the 
temperature profile, reaching a maximum of 2.4 PPM in the high 
temperature combustion region. The effects of radial diffusion 
are apparent in the finite quantities of NO^ existing as the 
Vycor wall is approached even though the temperature has decreased 
to a relatively low value. 

Figure 3-8 presents radial profiles of the same species at an 
axial position of 88.9mm upstream of the combustor exit. The 
flamefront has moved inward toward the combustor centerline. The 
effect of the jet injector is characterized by an increase in Og 
and a decrease in HgO and CO2 as the centerline is approached. 

The rapid increase in CO accompanied by a relatively low level of 
CjHg as the centerline is approached indicates a rapid oxidation 
of jet injected C^Hg to CO. 
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At a distance of 11 4 . 3nm f rom the combustor exit (Figure 3-9) 
the effects of jet injected reactants have almost entirely dis- 
appeared. The concentrations of 02» HgO, CO, and C^Hg hav^ become 
-fairly uniform over the entire recirculation region. The CO 2 
concentration is also relatively uniform across this region with 
the exception of a dip between the centerline and the outer flame- 
front. Once again, since conditions are such in the recirculation 
zone that partial equilibrium of reaction (3-2) would be expected, 
this reflects the interaction of relative radical concentrations 
(specifically H and OH) and temperature and their effect on this 
partial equilibrium via Equation (3-3). 

3.3.2. Case 3 : 4> = 0.625, T^ = 600 K, Vp = 7.74 m/s 

Experimental results for case 3 are shown in Figures 3-10 
through 3-14. The axial profile shown in Figure 3-10 for a radiail 
position of r = 11.6 mm from the centerline reflects the influence 
of the elevated inlet temperature. The sharp initial peak in CO 
that was characteristic only of the high temperature recirculation 
zone in case 1 is present here at all radial locations. This 
maximum in CO is followed by much more rapid conversion of CO to 
CO 2 than was found in case 1. As the combustor exit is approached 
CgHg and CO mole fractions decrease to much lower values, accom- 
panied by much higher concentrations of CO 2 . 

NO concentrations have increased by nearly a factor of 4 

A 

over those obtained in case 1. This is primarily a result of the 
higher combustion temperatures and the larger region over which 
these temperatures are maintained. Maximum concentrations are 
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Figure 3-10. Axial concentration and temperature 

distributions at a radial location of 
11.6 mm from the combustor centerline. 
Experimental case 3. = 600 K; <i) = 0.625; 

Vp = 7.74 m/s; Vj = 95.9 m/s. 
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obtained at the combustor exit. This reflects the linear depen- 
dence of NO formation on residence time since temperature is 
maintained at relatively high values across much of the combustor. 

At a radial distance of 1.4 mm from the combustor centerline 
(Figure 3-11) the flamefront has become quite steep due to the 
effect of the elevated inlet temperature. The mole fractions of 
H 2 O and COg rise abruptly and remain approximately constant as the 
jet exit is approached. A sharp peak occurs in the CO at the 
upstream flamefront. The rise in CO at the two points nearest 
the jet exit indicates the possibility of a second peak due to the 
oxidation of jet injected propane just after the jet exit. 

Radial profiles at the combustor exit are shown in Figure 3-12. 
Due to the higher inlet temperature the flamefront has spread out 
much farther into the main stream flow than in case 1. Significant 
combustion occurs almost entirely across the combustor exit. The 
primary combustion products are H 2 O and CO 2 with very little of 
the C^Hg and CO remaining. Mole fractions of H 2 O, C02> and CO 
correspond closely to the equilibrium values of 0.099, 0.0744, and 
0.0003, respectively. The average temperature is in excess of 
1700 K (uncorrected) over most of the combustor exit. This com- 
pares with an adiabatic flame temperature of 1970 K. 

Radial profiles at an axial distance 88.9mm upstream of the 
combustor exit are shown in Figure 3-13. While the effects of 
the jet injector were readily apparent in case 1 as a decrease in 
CO 2 and H 2 O and a sharp increase in CO near the combustor center- 
line, such effects are significantly reduced here. Only a small 
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Figure 3-11. Axial concentration and temperature 

distributions at a radial location of 
1.4 mm from the combustor centerline. 
Experimental case 3. Tp = 600 K; (}> = 0.625; 
Vp = 7.74 m/s; Vj = 95.9 m/s. 
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Figure 3-12. Radial concentration and temperature 
distributions at the combustor exit. 
Experimental case 3. T„ = 600 K; 

()) = 0.625; Vp = 7.74 m/§; Vj = 95.9 m/s. 
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decrease in CO, and a slight rise in CO can be seen in Figure 3-15 
as the centerline is approached. This again reflects the more 
rapid oxidation of C^Hg and CO at the higher combustion tempera- 
tures of case 3. A region of relatively uniform composition 
appears to exist out to approximately 20.0 mm from the combustor 
centerline. Such uniform radial profiles were found to be typical 
in the recirculation region of case 3. 

3.3.3. Case 6 : <t> = 0.45, T = 600 K, V = 7.74 m/s 

P P 

Axial profiles for case 6 are shown in Figure 3-14 and 3-15. 
The general characteristics of these profiles are quite similar 
to those of case 1. At a radial position of 11. 6mm from the 
centerline the flamefront is fairly well defined, with abrupt 
changes in temperature and species concentrations. No initial 
peaks in CO exist. This behavior was also characteristic of the 
lower temperature regions in case 1. The temperature increases 
to a value of approximately 1400 K and remains relatively constant 
as the exit is approached. This compares with a maximum tempera- 
ture for the same axial profile of 1300 K in case 1. Since the 
adiabatic flame temperature is lower for the present case (1649 K 
versus 1746 K for case 1), an explanation would seem to lie in 
the more complete combustion attained in case 6. 

Figure 3-15 shows concentration and temperature profiles at a 
radial distance of 1.4 mm from the combustor centerline. The 
flamefront has become very abrupt, as indicated by the rapid rise 
in H 2 O and CO 2 . As the jet exit is axially approached the influ- 
ence of jet injected reactants again becomes apparent as an 
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increase in O 2 and C^Hg. As with case 1 the mole fractions asso- 
ciated with H 2 O and C02> 0.075 and 0.054 respectively, compare 
quite closely with the equilibrium values of 0.073 and 0.055. 

A comparison of Figure 3-15 with the corresponding axial 
profile for case 1 (Figure 3-6) indicates a peak in the CO concen- 
tration in both cases. However this peak occurs closer to the 
jet exit and is significantly higher in case 1, indicating more 
rapid conversion of CgHg to CO. This primarily reflects the effect 
of increased equivalence ratio on the C^Hg oxidation rate since 
the jet temperature is the same in both cases. 

An examination of the experimental data reveals that the 
flamefront in case 6 extends farther out into the main stream than 
in case 1. Thus it appears that differences between cases 6 and 1 
can be explained by the existence of two regions in which either 
equivalence ratio or inlet temperature exerts the dominant 
influence. Near the combustor centerline since the jet inlet 
temperature is the same in both cases, the effect of a higher 
equivalence ratio for case 1 results in a higher local temperature 
and a more rapid oxidation of CgHg to CO and of CO to C02* In the 
outer regions of the combustor the effect of an increased inlet 
temperature in case 6 compensates for the decrease in equivalence 
ratio. The result is a flamefront extending farther out into the 
mainstream and farther upstream (i.e., greater flame velocity) and 
a higher flame temperature being achieved in the outer regions of 
the combustor. 
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Radial profiles at the combustor exit are shown in Figure 
3-16 for case 6. The maximum NO level achieved is 1.26 PPM. This 
is less than half the maximum value of 2.9 PPM obtained in case 1 
in spite of a 300 K increase in inlet temperature. Comparison of 
the NOj^ profile at the combustor exit with that of case 1 (Figure 
3-7) shows that NO concentrations in the present case are less 
than those of case 1 over the entire combustor exit. This is sur- 
prising in that temperatures in the outer regions of the combustor 
were found to be higher in case 6. Two explanations can be pro- 
posed for this. First, due to the higher apparent temperatures in 
the recirculation region for case 1 greater quantities of NO would 

A 

be expected to form in this region (a maximum of 3.5 PPM was found 
in the recirculation region for case 1 versus 1.4 PPM for case 6). 
Through radial mixing the NO levels attained in the recirculation 

A 

zone will effect those levels obtained away from the combustor 
centerline, especially downstream as the combustor exit is 
approached. NO^^ formation is also dependent on 0 atom concentra- 
tion. Thus a difference in 0 atom concentration profiles yields 
a second possible explanation. Unfortunately 0 atom concentrations 
were not measured and therefore no conclusions can be drawn about 
the validity of this explanation. As in the recirculation zone, 
both H 2 O and COg approach their equilibrium values as the jet wall 
is approached. 

Radial profiles for case 6 at axial distances of 114.3 mm 
and 139.7 mm from the combustor exit are shown in Figures 3-17 
and 3-18 respectively. These profiles are similar to the corres- 
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Figure 3-17. Radial concentration and temperature distri- 
butions at an axial location of 114.3 mm upstream 
of the combustor exit. Experimental case 6. 

Tp = 600 K; i}. = 0.45; Vp = 7.74 m/s; Vj = 95.9 m/s- 
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1 


Figure 3-18. Radial concentration and temperature distri- 
butions at an axial location of 139.7 mm 
upstream of the combustor exit. Experimental 
case 6. Tn ■ 600 K; <}) ■ 0.45; Vn ■ 7.74 m/s; 
Vj - 95.9 m/s. 
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ponding profiles for case 1. Again the composition is quite uni- 
form across the entire recirculation region. The mole fractions 
of both H 2 O and COg are approximately equal to their respective 
equilibrium values. The dip in the CO 2 profile near the center- 
line is due to the slower rate of CO oxidation upstream of the 
jet exit. 

3.3.4. Summary 

The results of this section emphasize several important 
aspects of combustion in the ORJ. Most apparent is the existence 
of a well mixed region corresponding to the recirculation zone 
upstream of the jet exit in which species concentrations are quite 
uniform once the effect of jet injected reactants has disappeared. 
In all cases the mole fractions of H 2 O existing in this zone 
approach those that would be expected at equilibrium. The ratio 
of CO to CO 2 is at a value somewhat higher than would be expected 
at total equilibrium. At the relatively high temperatures exist- 
ing in the recirculation zone the primary CO 2 producing reaction 
CO + OH 5^ CO 2 + H is in partial equilibrium and the ratio 
[C 0 ]/[C 02 ] is governed by relative radical concentrations and 
temperature through Equation (3-3). 

It would be desirable to compare emission levels obtained in 
the present investigation with those obtained in typical aircraft 
combustors. Emission levels are frequently presented in terms of 
an "emission index" (grams of pollutant per kilogram of fuel 
burned) to normalize emissions on the basis of fuel flow. The 
emission index was calculated for cases 1, 3, and 6 of the present 



I 


-63- 

investigation based on average UHC, CO, and NO^ concentrations at 
the test section exit. In cases 1 and 6 the flamefront did not 
extend across the entire combustor. Therefore to make any compari- 
sons more realistic, a local emission index was calculated based 
on concentration measurements in that portion of the exiting gases 
which had undergone cont»ustion. The results are shown in Table 
3-2 along with calculated combustion efficiencies. Canbustion 
efficiency is related to the CO and UHC emission index values by 
the following express ion^^^^: 

1 - n,, = [0.232 (EIj;q) + X 10"^ (3-4) 

where n* = combustion efficiency, El. = emission index of species i. 

^ I 



TABLE 3-2. POLLUTANT EMISSION LEVELS 




^^UHC 

(g CH 2 /kg fuel) 

“co 

(g co/kg fuel) 

“n02 

(g N 02 /kg fuel) 


Case 1 

11.4 

76.7 

0.11 

(1.75) 

0.97 

Case 3 

6.8 

5.2 

0.58 

(3.22) 

0.99 

Case 6 

1.2 

85.1 

0.07 

(0.34) 

0.98 

*JT9D, cruise 

0.1 - 0.3 

0.2 - 0.8 

16-23 


1.0 

*01ympus 593, 
cruise 

<1 

1 - 5 

18-19 


1.9 

* Reference [9]. 






Also shown in the table are emission levels for two typical jet 
aircraft engines operating at cruise conditions, the JT9D for 
subsonic aircraft and the Olympus 593 turbojet engine for super- 
sonic aircraft. The NOg emission index values in parentheses 
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represent values corrected to typical Inlet conditions at cruise 
for the Olympus 593 engine (see Table 1-3). A correlation 
equation developed by Niedzwiecki and Jones^^^^ for application 
to swirl can and other lean combustors was used to correct the 
experimental data of the present invesitgation: 

(“no 
(^'no 

where and refer to combustor inlet pressure and temperature, 
respectively. 

In case 1 (Tp = 300 K, (j) = 0.625) the emission index for 
oxides of nitrogen (presented as NOg) of 0.11 was significantly 
less than found in the jet engine combustors. However unacceptably 
high levels of UHC and CO were obtained due to the low resulting 
flame temperatures and insufficient residence time. Cases 3 
(Tp = 600 K, 4) = 0.625) and 6 (Tp = 600 K, (}> = 0.45) resulted in 
combustion efficiencies only slightly below those attained in both 
jet engine combustors, with NO 2 emission index values significant- 
ly reduced. An emission index less than 1 kg N02/kg fuel was also 
attained by Anderson^^^^ in a lean premixed propane air experiment- 
al burner operating at conditions comparable to turbojet combustors 

T371 

and by Roffe and Ferri"- -■ in a laboratory burner using premixed- 
prevaporized JP-5 fuel. 

As noted above, UHC and CO emission levels were slightly 
higher than those found in aircraft engines operating at cruise 
conditions. Anderson^^^^ has shown in a lean premixed system 
that a tradeoff exists between combustion efficiency and NO^^ pro- 
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duction which effectively puts a. limit on minimum NO emission 
levels attainable in such a system. Under conditions encountered 
in typical gas turbine combustors production is proportional 
to combustor residence time. Limiting high temperature residence 
time is an effective means of reducing NO emissions i however, 
as residence time is reduced insufficient time becomes available 
to completely oxidize unburned fuel and CO. More favorable UHC 
and CO emission levels could be obtained in the present investi- 
gation, with some increase in NO^^ emissions, by providing slightly 
longer residence times in the exit portion of the combustor test 
section. In the study by Anderson an emission index for oxides 
of . nitrogen , as low as 0.3 g NOg/kg fuel was measured at a com- 
bustion efficiency greater than 99 percent. Thus fuel lean pre- 
mixed combustion does appear to be an effective means of reducing 
NO^ emissions while at the same time maintaining high combustion 
efficiencies. 

3.4.1. NO Formation 

A 

The primary variables effecting NO formation are temperature, 
equivalence ratio, and residence time. In this section the effect 
of these variables on NO^ formation will be discussed. In all 
cases NOj^ concentrations will be, presented uncorrected for H 2 O and 
COg interference in the chemiluminescent detector since these 
species were not measured in all cases presented. 

Figure 3-19 shows radial NO and temperature profiles at the 

A 

combustor exit for main stream inlet temperatures, of 300 K, 450 K, 
and 600 K. ; The* operating points represented correspond to cases 
1 , ;..2, ;andi i3 in Table 2-1 in which main stream velocity and equi- 
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Figure 3-19. The effect of main stream inlet temperature 

on oxides of nitrogen and temperature distributions 
at the combustor exit. (j>p = 0.625; Vp = 7.74 m/s; 
<i>j = 0.625; Vj = 95.9 m/s. 
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valence ratio are maintained constant at 7.74 m/s and 0.625 
respectively. The strong effect of flame temperature on pro- 
duction is apparent. An increase in inlet temperature by a factor 
of two results in approximately a factor of five increase in 
average concentration at the exit from 2 ppm for an inlet 
temperature of 300 K to 10.5 ppm for an inlet temperature of 600 K. 
While this large increase in NO^^ is predominantly the result of 
an increase in flame temperature, residence time could also play 
a role. For the 600 K inlet temperature case the concentration 
and temperature profiles discussed in Section 3.3.1 reveal a larger 
combustion zone with the flame front moving both upstream and out- 
ward toward the Vycor wall. Thus combustion gases would have a 
longer residence time in this high temperature combustion zone 
before reaching' the exit. 

The effect of equivalence ratio is shown in Figure 3-20. In 
all cases the main stream and jet stream equivalence ratios were 
equal. An increase in equivalence ratio from 0.45 to 0.625 results 
in over an order of magnitude increase in average NO^^ at the com- 
bustor exit (from 0.9 ppm to 10.5 ppm). Once again this can be 
explained in terms of the resulting change in flame temperature. 
Cernansky, ^ and Lipfert^^®^ have shown that NO^^ emissions 

from different gas turbine combustors can be correlated over a 
range of operating conditions with the maximum flame temperature 
(assumed to be equal to the adiabatic flame temperature for 
stoichiometric combustion). Figure 3-21 shows a similar plot of 
average NO^^ concentration at the combustor exit as a function of 
adiabatic flame temperature for the cases presented in Figures 3-19 
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Arrhenius plot of average oxides of n 
concentration at the combustor exit. 




-70- 


and 3-20. The correlation is quite good. NO^ formation thus, . 
appears to be exponentially dependent on flame temperature as would 
be expected from the discussion of NO^ kinetics presented in Chapter 
4, and the effect of changes in inlet temperature and equivalence 
ratio on NO production is primarily through their effect on 

A 

flame temperature. 

Figure 3-22 shows the effect of increasing main stream inlet 
velocity on NO^ formation. The trend is much as would be expected 
due to the linear dependence of NO formation on residence time. 

A 

The average value of NO^ at the combustor exit can be seen to 
decrease from 10.5 PPM at an inlet velocity of 13.59 m/s to 9.5 
PPM at a velocity of 7.74 m/s. Since changes in inlet velocity 
were found to effect both residence time (through increased mass 
flow rate) and temperature distribution in the combustor, quanti- 
tatively it would be difficult to evaluate the effect of residence 
time on NO formation from the present experimental results. 

A 

Oxides of nitrogen emission index values were calculated for 
all experimental cases based on average test section exit concen- 
trations. These are summarized in Table 3-3. 
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Figure 3-22. Radial distributions of oxides of nitrogen at 
the combustor exit for different main stream ; 
inlet velocities. 4>n = 0.625; (j>j = 0.625; 

Vj = 95.9 m/s. 



-72- 


TABLE 3-3. OXIDE OF NITROGEN EMISSION INDEX VALUES 



Case (g N02/kg fuel) 

1 0.11 

'2 0.21 

3 0.58 

4 0.40 

5 0.21 

6 0.07 

The oxides of nitrogen emission index values obtained in this 
investigation and in similar studies^^®*^^ ^ on the use of pre- 
mixed/prevaporized systems to limit NO^^ emissions emphasize the 
feasibility of achieving low NO^^ emission levels through advanced 
combustor design. 

An informative comparison can be made between the ORJ and an 
idealized well stirred reactor. The well stirred reactor is a 
constant volume steady flow reactor in which mixing is assumed to 
occur instantaneously between cold incoming reactants and reacting 
gases existing in the reactor. Thus the composition within the 
reactor is homogeneous and the combustion process is kinetically 
limited. A well stirred reactor represents the limiting case of a 
turbulent, premixed recirculating flow system. 

Experimental NO^ emission index values obtained in this inves- 
tigation for cases 3 through 6 (Tp = 600 K) were compared with the 
concentrations predicted in an idealized well stirred reactor. 

The governing equations were solved using a computer program 

r39l 

developed by Pratt and Bowman.*- Propane was assumed to be 
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prepyrolized to Hg and CO, since predicted NO^ production was found 
to be insensitive to the propane oxidation mechanism used. A 
detailed kinetic mechanism described in Section 4.5 was used for 
the subsequent oxidation of CO and H 2 > and the Zeldovich mechanism 
(reactions (4-38) and (4-39)) was used to predict NO formation. 

An inlet temperature and pressure of 600 K and 1 atm were assumed 
for the calculations. Residence time in the reactor was assumed 
to be equal to the estimated residence time in the recirculation 
zone of the ORJ for the above experimental cases (2 msec). The 
results are shown in Figure 3-23. Experimental emission index 
values agree quite well with the well stirred reactor predictions, 
and are significantly less than would be expected at equilibrium. 
These results show that NO emission levels approaching the limit- 
ing values of a well stirred reactor are indeed possible in pre- 
mixed combustors. Comparable studies^^®^ on the use of premixed/ 
prevaporized systems to limit NO^^ emissions have yielded similar 
conclusions. 

3.4.2. NO and NOo Formation 

Recent controversy has arisen surrounding the formation of 
NO 2 in combustion systems. Theoretical studies involving both 
chemical equilibrium considerations and chemical kinetic calcula- 
tions have generally predicted that NO 2 should constitute a 
negligible fraction of the total oxides of nitrogen emitted from 
gas turbine type combustors. However, recent experi- 

mental emission studies in both gas turbine exhaust^^^^ and model 
laboratory combustors involving gas sampling have yielded 

relatively large quantities of NOg. 


/kq fuel 
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Experimentally measured and NO distribution for the ORJ 
used in the present study are shown in Figures 3-24 through 3-36 
for experimental cases 1, 3, and 6. Also shown are the correspond- 
ing temperature distributions. NOg is taken as the difference 
between and NO. It is apparent that in all cases NOg is the 
predominant oxide of nitrogen found. In cases 1 and 3 NO 2 consti- 
tutes from 50 to 100 percent of the total NO^. In case 6 100 
percent of the total NO^^ exists as NOg. 

Some general observations can be drawn from an examination of 
these results. Measurable quantities of NO were only found to 
exist in higher temperature regions. In case 1 NO was measured 
only in the recirculation zone where the temperature was in a 
range greater than 1400° K to 1500° K (uncorrected for radiation). 
In case 3 relatively large quantities of NO were found in both 
the recirculation zone and over much of the downstream region of 
the combustor. Once again however measurable amounts of NO 
existed only in those regions where the temperature was greater 
than approximately 1400° K to 1500° K. The presence of NO in the 
cool region near the jet wall is probably associated with down- 
stream convection of NO from higher temperature regions. In case 
6 the maximum measured temperature was 1450° K and no NO was 
measured. 

In summary large quantities of NOg* in some instances con- 
stituting up to 100 percent of the total NO , were measured in the 

A 

present investigation. Only in higher temperature regions in which 
the uncorrected temperature was greater than approximately 1400° K 
to 1500° K was any NO measured. In a recent experimental investi- 
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a) NO^ concentration, ppm 



b) NO concentration, ppm 





c) Temperature, °K 



Figure 3-24. Experimental distributions of NOx, NO, and tempera- 
ture for case 1. Tp = 300 K; 4> = 0.625; Vp = 7.74 m/ 
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a) NOy concentration, ppm 



b) NO concentration, ppm 



c) Temperature, °K 



Figure 3-25. Experimental distributions of NOx, NO, and 

temperature for case 3. Tf. = 600 K; <f> = 0.625; 
Vp = 7.74 m/s. ^ 
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a) NOj( concentration, ppm 




Figure 3-26. Experimental distributions of NO^ and temperature 
for case 6. Tp = 600 K; (|) = 0.45; Vp = 7.74 m/s. 
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gatlon by Merrymann and Levy^^^^ on a flat flame premixed methane- 
air burner significant quantities of NO 2 were found early in the 
flame zone. The data were consistent with the following reaction 
mechanism 


CN + O 2 - NO + CO 

(3-4) 

NH + O 2 ^ NO + OH 

(3-5) 

NO + HO 2 NO 2 + OH 

(3-6) 

NO 2 + 0 ^ NO + O 2 

(3-7) 


In the above mechanism NO formed in the flame zone by reactions 
(3-4) and (3-5) is rapidly converted to NO 2 via reaction (3-6). 
Subsequent conversion of NO 2 to NO is assumed to occur in the early 
postflame region by reaction (3-7) due to a rapid increase in 0 
atom concentration. Under fuel lean conditions approximately 60 
percent of the NO 2 was reconverted to NO. 

In the above mechanism NO 2 exists primarily as a transient 
species due to the presence of 0 atoms. It is probable, however, 
than in turbulent systems such as encountered in this investiga- 
tion rapid mixing between hot and cold regions occurs. 

T43l 

Cernansky*- has shown under fuel lean conditions that if the 
resulting cooling of hot combustion gases is rapid enough radicals 
such as H, 0, and OH which favor NO 2 destruction fall to low levels 
and significant conversion of NO to NO 2 can occur via reaction 
(3-6). Thus maximum [N02]/[N0] ratios would be expected in cooler 
regions of the combustion zone and near the flame front where 
rapid mixing between hot and cold gas mixtures occurs. This is 
precisely where maximum levels of NO 2 were found in the present 
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investigation. A typical radial temperature traverse taken using 
the thermocouple probe described in Chapter 2 is shown in Figure 
3-27. It is unlikely that the time response of the thermocouple 
probe is rapid enough to quantitatively follow the turbulent 
fluctuations occurring, but the data presented do give a qualita- 
tive idea of the temperature fluctuations occurring even in a pre- 
mixed system such as the ORJ. As expected maximum fluctuations 
occur in the outer regions of the combustor near the flamefront. 

In the recirculation region near the combustor centerline the 
temperature fluctuations are relatively small. 

While it appears that the proposed mechanism involving 
conversion of NO to NOg by HOg radicals is consistent with the 
experimental results, unfortunately the same conditions which can 
explain the formation of NOg in combustion systems also exist in 
typical sampling probes due to the rapid decrease in gas tempera- 
ture resulting from aerodynamic expansion and water cooling. 

r43l 

Further kinetic calculations by Cernansky^- carried out for an 

idealized sampling probe at a pressure of 80 torr indicate that 

ri9l 

reactions involving NOg are possible. Allen*- has pointed out 
the possible importance of probe wall reactions such as 

probe wall 

NO + 0 NO 2 

and 

probe wall 

H (or 0) + O 2 HO 2 (or O 2 ) 

followed by 

NO + HO 2 (or O 2 ) NO 2 + OH (or O 2 ) 


TEMPERATURE 
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RADIAL DISTANCE 


Figure 3-27. Experimentally recorded radial 

temperature data at an axial position 
of 114.3 mm upstream from the com- 
bustor exit. 
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Thus, it appears the only conclusion which can be drawn at this 
time regarding whether NO2 is formed in the combustion system 
itself, in the sampling system, or perhaps in both is that much 
more study is needed to resolve the question. 



CHAPTER 4 


ANALYTICAL INVESTIGATION 

4.1. Introduction 

An analytical model for predicing point by point properties 
and concentration distributions in the combustor configuration 
of the present investigation was developed. This model is based 
on a numerical procedure developed by Gosman, ^ for the 

solution of the governing set of elliptic non-linear differential 
equations which describe recirculating flows of this nature. 

The governing differential equations and boundary conditions 
reguirements are presented in Sections 4.2 and 4.3. Section 4.4 
discusses the necessary physical inputs and simplifying assump- 
tions. The kinetic model is developed in Section 4.5. The 
computational procedures are discussed in Section 4.6. 

4.2. Numerical Calculations 

4.2.1. Governing Differential Equations 

The governing partial differential equations for a turbulent 
steady flow system in the absence of combustion are the conversa- 
tion of mass and the conservation of momentum. The conservation 
of energy and a conservation equation for each species must be con- 
sidered when dealing with a nonisothermal chemically reacting system. 
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These equations in their most general form are shown below in 

r45l . 

tensor notationr •' 

Conser/ation of Mass: 

p = -( V • pv) (4.1) 

Conservation of Momentum: 

p^ = - (V • p^) - Vp - (V • t) (4.2) 

Conservation of Energy: 

ph = - (V • pvh) - ( V • q) - (hV • J^.) - (x : vj) (4,3) 

Conservation of species: 

^ pm^ = - (V • p^m^.) - (V • ^.) - = 0 (4.4) 

Here x , q, and represent the flux of momentum, energy, and mass 
respectively and are given by the well known relations 

T = u ( -^ V • V + def V ) (4.5a) 

q = -k VT (4.5b) 

= - pD^.Vm^ (4.5c) 

R^. represents a source term for species i due to chemical reaction. 

Note than in general the dependent variables v, h, and m^. are 
instantaneous values and are functions of time as well as space since 
turbulence is characterized by unsteady fluctuations in these quan- 
tities. Theoretically, at least it would be possible to solve the 
above system of equations for the instantaneous values of the depen- 
dent variables if adequate computer facilities were available. 
Unfortunately the excessive computer facilities required made such 
a solution economically unfeasible. 
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A more common approach to the problem is the introduction of 

ran 

time averaged quantities. For velocity this time average becomes 
becomes ? - 1 

to *^t 

Here the integration is taken over a sufficient period of time, to, 
to make the average value independent of time. The instantaneous 
velocity can then be written as the sum of the average value and 
a velocity fluctuation v' 

V = V + v' (4-6) 

A similar derivation can be made for the other fluctuating variable. 
Substitution of these equations into the conservation equations 
(4-1) through (4-4) yields the time smoothed conservation equations: 
Conservation of Mass: 

- (V »pv) = 0 (4-7) 

Conservation of Momentum: 

- p - [V • p^] - (V • t) -[V • = 0 (4-8) 

Conservation of Energy: 

- [V • p^h] - [V • q] - [V • - [hV • J] - [hV • 0 - 

- ( T : Vv) - (x : = 0 (4-9) 

Conservation of Species: 

-k- . 

-[V • pv^m^] - [V • J ] - [V • J J - R. = 0 (4-10) 

Note in the above equations the appearance of a series of tur- 
bulent flux transport terms of the form 


q‘ . PCpVjT 


(4-lla) 
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"ij ' ^ (4-Ilb) 

(4-llc) 

Much of the difficulty in dealing with turbulent flows lies in 
adequately modeling these turbulent flux terms. 

An early proposal in analogy with laminar transport laws 
(see Equations 4-5 through 4-7), was to assume a similar depen- 
dence of heat, momentum, and species fluxes on average temperature 
velocity, and concentration gradients respectively, and replace 
the corresponding transport coefficients by effective transport 
coefficients. These new coefficients are no longer constants but 
become functions of the intensity and scale of turbulence. Thus 
the above turbulent flux equations can be written 


T = (vl + def v) 


(4-12a) 
(4-12b) 
(4-12c) 
(4-1 2d) 


T = Ugff (2/3 • vl + def v) 

q = - T 

T, • il, 

This is the approach adopted in the present investigation. Further 
discussion of these effective transport terms can be found in 
Section 4.4. 

For that part of the flow away from the wall the turbulent 


diffusivities are much greater than the corresponding molecular 
diffusivities, i.e.. 
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and therefore the molecular transport terms in the conservation 
equations can be neglected. In a region very near the wall, 
however, the turbulent and molecular diffusivities transport 
mechanism become comparable. It can be shown for the conditions 
of the present investigation that molecular transport is impor- 
tant only in a region within 1 nin of the outer combustor wall. 

Since this region is not likely to have a significant effect on 
the overall combustion process, molecular transport was neglected 
in the solution of the conservation equations. 

This time averaged approach has been useful in predicting 
convective patterns in steady flow coirt)ustors. However, as more 
experimental data are obtained, the limitations of this approach 
are becoming apparent. As stated by Pratt, "The most serious 
shortcoming of this approach is the inability to deal directly 
with the effect of coupled species concentration and temperature 
fluctuations, which are ultimately required for correct predic- 
tion of combustion stability limits and formation of temperature- 
sensitive pollutants such as NO^." Even in the present premixed 
system temperature fluctuations of several hundred degrees were 
apparent near the outer flame zone as was shown in Figure 3-27. 
Concentration fluctuations are also almost certain to occur. By 
dealing with time average properties the entire process by which 
relatively cold large scale eddies containing unburned fuel -air 
mixtures break down into smaller scale eddies where molecular 
mixing between reactants and reactive combustion products occurs is being 
substantially simplified. It is felt that only through comparisons 



- 88 - 


with experimental data as is done in the present investigation 
can those possible shortcomings in numerical techniques be 
brought out and improvements made. 

4.2.2. Finite Difference Formulation 

For the purposes of numerical calculations the above system 
of governing differential equations can be written in a common 
form. This involves the introduction of two additional variables, 
the vorticity and stream function. 

The vorti city, w, is defined as 

3v^ . 

" 3z 3r 

Introduction of the vorticity allows the removal of pressure 
from the conservation equations and reduces the number of momentum 
equations to be solved from two to one. 

For two dimensional axisymetric flow the stream function, 
i|>, is defined as 

V = 1 M . y . .1 Ml 
’'z r 3r ’ r r 3z 

Introduction of the stream function automatically satisfies the 

continuity equation and eliminates velocity from the conservation 

equations. Thus for two dimensional axisymetric flow the above 

[441 

set of conservation equations can be written as"- 

% fe If' - H' ■ fe ^ h 

where the functions a^, b^, c^, and d^ are given in Table 4-1. 
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TABLE 4-1. 


4 



% 



0 

1 

P 

1 

-to 

(i)/r 



^eff 

.^2 8 ( 2 r, M 

az ' 2 ^ 3r 

2 2 

V + V 

3 / Z rx 3p 

” 3r ' 2 ' ’ 3z 

h 

1 

FFh’eff 


"3Z ^^eff*^^^’ ■ 3z 

1 1 

^ <5^ 0-’ N T2- - 

3r ^^eff** 





(1 - 8- £ - 
3r . O. 

% 1 ar 

m. 

1 

1 

'^Fi,eff 


-rR, 


Here a. and a. refer to the effective Prandtl and Schmidt numbers, 
h 1 

Fh eff F-j eff effective exchange coefficients for 

heat and mass transfer. These are defined by the following 
expressions. 




-90- 


- ^eff _ ^eff . _ ^eff _ ^eff 

^ “^eff ^h, eff * ’ eff eff 

The effective Prandtl and Schmidt numbers are treated further in 

Section 4.3. Once the effective viscosity is estabilished, all 

the transport properties are known. 

Equation (4-13) represents a system of simultaneous non-linear 

differential equations for the dependent variables u/r, 'p, h, and 

m.. An approach to the solution of this system of equations was 

r441 

proposed by Gosman, in which attention is confined to 

the solution of Equation (4-13) at a finite nunrt)er of nodal grid 
points. The above system of equations is then reduced to a set of 
simultaneous algebraic finite difference equations in which the 
values of the variables at a particular node are related to the 
values of variables at adjacent nodes. Details on the derivation 
of these finite difference equations can be found in reference [44]. 
4.3. Boundary Conditions 

The above set of equations are elliptic in nature and there- 
fore require that boundary conditions be specified for each 
dependent variable at all points surrounding the flowfield. These 
boundary conditions are generally of three types: 1) specification 

of the dependent variable value along a particular boundary, 

2) specification of the gradient of the variable normal to the 
boundary, 3) specification of an algebraic relation which connects 
the value of the variable at the boundary to the normal velocity 
component at that boundary. The boundary conditions used in the 
present investigation are consistent with the following descrip- 
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tion of the ORJ test section being modeled. Details on the finite 
difference form of the resulting boundary conditions can be found 
in the computer program listing in Appendix E. 

Inlet conditions were based on experimentally measured values. 
The main stream inlet velocity profile is shown in Figure 4-1. 

Main stream inlet composition and temperature profiles were found 
to be uniform. For the experimental case being modeled (case 3) 
these were taken as corresponding to an inlet equivalence ratio of 
0.625 and an inlet temperature of 600® K. Velocity, temperature, 
and composition profiles at the jet exit were also assumed to be 
uniform. For case 3 the velocity at the jet exit was 95.9 m/sec 
and the composition corresponded to an equivalence ratio of 0.625. 
Since the jet injector was water cooled, a jet inlet temperature 
of 300® K was assumed. 

The outer Vycor wall is assumed to be adiabatic and impermeable 
to mass fluxes. Thus gradients in mass fraction and enthalpy 
normal to the wall are equal to zero. The same considerations 
apply to the axis of symmetry at the centerline. An assumed 
parabolic distribution in the dependent variable of interest was 
used to calculate its value at the wall from the value at the two 
nodes adjacent to the wall. Since the velocity normal to a wall 
or the centerline is zero, the stream function takes on a constant 
value along these boundaries. 

At the exit plane the streamlines are assumed to be parallel 
to the axis. This is valid if the walls at the exit are parallel 
to the centerline and if the recirculation zone is reasonably 
far upstream. Subject to the same constraint, gradients in mass 



VELOCITY, m/s 



Figure 4-1. Main stream inlet velocity distribution. 
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fractions and enthalpy were also assumed to be zero at the exit 
plane. Subsequent experimental results showed this assumption 
to be valid. 

Vorticity presents a problem since neither vorticity along a 
wall nor the vorticity gradient normal to the wall are known 
initially. An equation for vorticity at the wall was derived by 
Samuelsen^^^^ based on the following assumptions: 

1. The flow between the wall and the node adjacent to 
the wall is parallel to the wall (v^ = 0) and the 
velocity varies according to the i- power of the 
distance between the two points. Thus for a 
horizontal wall (constant r) 



where 

s = a constant 
n = normal distance from wall 
ni = normal distance from wall to adjacent node 
2. The density varies linearly between the wall and the 
adjacent node. An expression for the wall vorticity 
can then be derived through integration of the vorti- 
city stream function relation using a finite difference 
approximation. 

Since the jet injector is water cooled, the outer wall of 
the jet is non-adiabatic and the temperature must be specified. 
More detailed radial temperature profiles were taken in the region 
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of the jet wall, and extrapolation of these profiles indicated 
a wall temperature of 700® K. 

4.4. Thermodynamic Properties 

The required inputs to the numerical program are density, 
transport coefficients, and specific heat. 

Density : The ideal gas equation of state is used to relate 
density to the pressure and temperature. Thus 


P(MW . ) 

_ ^ mix' 

P, FTT 

u 

where the molecular weight of the mixture is computed from the 


species mass fractions using the relation 


^'**mix Z m./MW. 
i 

Specific Heat : The specific heat is used to compute the 

temperature from the relation 
T 

h = / (Zc_ m.) dT + Z AHp m. (4-15) 

To *^i ^ i ^^i ^ 


where 

h = stagnation enthalpy of mixture 

c = constant pressure specific heat of species i 
^i 
AH 

= heat of formation of species i 
m^. = mass fraction of species i 

To = reference temperature 


Since c is a nonlinear function of temperature, the determination 
Pi 

of T from Equation (4-15) would require a more extensive iteration 
procedure. Thus it was found desirable in the numerical calculations 
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to assume a constant value for specific heat. A value was chosen 
which would give an adiabatic flame temperature for complete com- 
bustion (products CO 2 and H 2 O) In agreement with that calculated 
using JANAF thermochemical data.^^®^ Calculations yielded a value 
for specific heat of 1.22 J/gm °K. Introduction of a constant 
specific heat was estimated to Introduce a maximum error of 
approximately 4.0% In flame temperature calculations. 

Effective Viscosity : A simplified viscosity model developed 
by Pun and Spaldlng^^^^ and Odlozlnskl^®^^ was used In the present 
calculations. This is given by 

Vf " [(mv^)p + (mv^)jF (4-16) 

where 

K = constant (0.012) 

D = combustor diameter 

L = combustor length 

p = density 

2 

mv = incoming kinetic energy 

Derivation of Equation (4-16) is based on the observations that: 

1. Vgff increases with local density 

2. increases with the incoming kinetic energy rate 

3. decreases with an Increase In chamber length and 
increases with chamber diameter. 

It should be noted that currently more advanced turbulence 
models are available or are being developedt^^^ Most of these 
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involve the solution of additional equations for a turbulent kine- 
tic energy l^and mixing length 1. As originally proposed by Prandtl 
the effective viscosity can be calculated from an equation of 
the type = plv^ 

where v^ is related to the turbulence kinetic energy 

Such a model would almost certainly result in a more realistic pre- 
diction of turbulence properties. However, such models are still 
in the developmental stage and involve some degree of empiricism. 
Because of these considerations and the approximations necessary 
in the kinetic model, it was concluded that the additional expense 
and complexity did not warrant the use of a more advanced viscosity 
model in this investigation. 

Effective Prandtl and Schmidt Numbers ; The effective Prandtl 
and Schmidt Numbers were defined previously as 


„ - 

k 

" '^eff 


a. = 


"eff 


^ , eff 


(4-17) 


For gases in turbulent flows, the effective Prandtl and Schmidt num- 
r52l 

bers are near O.?*- In the present investigation their values 
were taken as equal to 1.0. Referring to Table 4-1 one can see 
that this has the effect of considerably simplifying the source 
terms in the energy conservation equation. Once y^^^ is known the 
other transport coefficients can be determined from Equation (4-17). 
4.5. Chemical Kinetics 
4.5.1. Introduction 

Uncertainties exist in both the mechanism and the rates for 


the high temperature oxidation of higher hydrocarbons and the 
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resulting intermediates. The complexity involved makes the 
modeling of even a relatively simple hydrocarbon such as methane 
quite difficult. Recent work by Glassman, ^ in an 

adiabatic flow reactor has identified the presence of a number 
of intermediate hydrocarbon species during the oxidation of higher 
paraffin hydrocarbons such as propane. These include C^Hg, C 2 H^, 
CH^, and C 2 Hg. Further: oxidation of these species would require 
consideration of a large number of additional species and a com- 
plicated set of largely unknown reaction steps. 

The high temperature mechanism for CO oxidation is fairly 
well known. The principal CO oxidation reaction in hydrocarbon 
flames^^^^ is 


C0 + 0H^C02 + H (4-18) 

Thus, to predict CO oxidation rates a knowledge of OH and H 

concentrations is necessary. In the initial flame zone, radical 

r54l 

concentrations are determined by the bimolecular reactions'- 


H O 2 ^ OH 0 

0 H 2 - OH H 

H 2 +■ OH ^ H 2 O H 
OH OH ^ H 2 O + 0 


(4-19) 

(4-20) 

(4-21) 

(4-22) 


At some later point in the combustion zoine the relatively slow 
thermolecular recombination reactions 


0 + 0■^M-02■^M 

(4-23) 

H■^H■^M^H2 + M 

(4-24) 

H 0 OH + M 

(4-25) 

H + OH M ^ H 2 O M 

(4-26) 
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also become important in determining overall radical levels. Rate 
constants for the above reactions are presented in Table 8-1. 

It can be seen from the above discussion that any detailed 
mechanism describing propane oxidation will consist of a large 
number of species and reaction steps. Since each species considered 
involves the introduction of an additional species conservation 
equation, the use of any detailed reaction mechanism in the numeri- 
cal solution used in the present investigation leads to cessive 
computer times and costs. Thus an overall or global reaction 
kinetic concept was employed. This involves the assumption that 
a detailed reaction mechanism involving a number of elementary 
steps can be described in terms of a few main reactants and overall 
reaction steps. Such an approximation entirely neglects any 
reactions occurring between hydrocarbon intermediates or radicals. 

As a result global modeling can, at most, be expected to describe 
only spatial energy release rates and reactant/final product con- 
centration distributions. As stated by Classman, ^ "Under 

what circumstances such an overall (global) correlation is usable 
is largely dependent on both the kinetic mechanism to which it is 
applied and the physical environment in which the process is 
occurring. Where a particular rate-determining step or sequence 
in the true chemical reaction mechanism occurs and the physical 
circumstances of the application are similar to those in which 
the expression was derived, the overall approximation is a valid 
and vastly simplifying idea. However, extension of such a 
correlation to experimental conditions outside the range studied 
should never be done without some reservation." 
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4.5.2. Propane Oxidation 

Two global approximations for propane oxidation have been 
used in the past. The first and simplest assumes an infinitely 
fast oxidation of propane to Hg and Such an approach 

however offers no possibility of predicting unburned hydrocarbon 
levels. The second, perhaps a somewhat better approach, is the 
use of a finite rate global expression for the oxidation of the 
hydroca'^^n based on overall experimental observations in a parti 
cular system. Edelman and Fortune^^®^ derived such an expression 
for the oxidation of a parrafin hydrocarbon based on shock tube 
ignition delay times. For propane, they wrote the overall reac- 
tion as 

CsHg + I Og 3 CO + 4 Hg 


and gave the global rate as 


„ _ 5.52 X 10 

"■" 7 ^ 5 - 


8 


(Og) T exp (- (4_27) 


cm sec 


As mentioned above caution should be exercised whenever a glo- 
bal reaction rate derived for one combustion configuration is used 
for another. In two such different systems as a shock tube, where 
low radical concentrations are present during the initial stages 
of hydrocarbon oxidation, and a strongly backraixed system such as 
a well stirred reactor where high radical concentrations are 
present throughout the combustion process, it is probable that 
both the important reaction paths and the rate will be different. 

To determine the feasibility of using the above mechanism to 
model propane oxidation in the present system, experimental pro- 
pane disappearance rates based on average estimated residence 
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times and average measured species concentrations in the combustion 
zone were compared with rates predicted from Equation (4-27). 

From the experimental results of Chapter 4 and Appendix G it can 
be seen that C^Hg and Og concentrations and temperature are 
relatively uniform in the region upstream of the plane of the jet 
exit once the initial flamefront has been traversed. This is due 
to the intense turbulent mixing characteristic of the recircula- 
tion region of the ORJ. Any rates derived from experimental 
measurements should thus be more representative of the chemistry 
of the system as opposed to mixing phenomena. Such an analysis 
likens the upstream region of the ORJ to a perfectly stirred 
reactor. Average residence time t was computed from the relation 



The volume V was taken as that region upstream of the jet exit in 
which the concentrations had achieved 95% of their maximum or mini- 
mum value. The density was calculated from the ideal gas law using 
average properties in the combustion zone. The mass flow rate m was 
assumed equal to that portion of the flow which passes thrpugh the 
flamefront upstream of the jet exit plane. It should be noted this 
approximation neglects different residence times encountered by 
gases entering the flamefront at different locations. Table 4-2 
shows a comparison of predicted (Equation (4-27)) and experimental 
propane disappearance rates. 
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TABLE 4-2. 

EXPERIMENTAL AND PREDICTED 

PROPANE DISAPPEARANCE 

Case 

II FYP 

CgHg tAK, cc-sec 


1 

7.17 X 10"® 

5.6 X 10"^ 

2 

6.34x10"^ 

9.9 X 10"^ 

3 

3.08 X 10"^. 

3.8x10'^ 


Predtcted propane disappearance rates are approximately two 
orders of magnitude greater than those experimentally determined. 
Similar calculations were made based on concentration profiles 
for propane combustion in an adiabatic flow reactor The 
findings were in agreement with those of Table 4-2, with predicted 
disappearance rates approximately two orders of magnitude to fast. 
This again emphasizes the difficulty encountered in applying a 
global reaction rate to predict the characteristics of a system 
for which it was not derived. 

At this point it was felt a more representative rate for 
propane oxidation in the ORJ could be derived from the experimental 
measurements of the present investigation. The experimental pro- 
pane disappearance rates of Table 4-2 together with average Og, 
temperature, and propane concentrations were correlated with a 
rate expression of the form 


dt 


= A exp (- E/RT) [CgHg]® 


The unknown coefficients were determined using a nonlinear regres- 
sion analysis program^^®^, and the final rate expression was 
found to be 


« [C3H3] 

dt 


0.5 


= 4.97 exp (-9195/RT) [CgHg] 


(4-29) 
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Note that the rate was found to be Independent of O 2 concentration 
due to the lean equivalence ratios being considered. A plot of tiie 
correlated data Is shown In Figure 4-2. An activation energy of 


9195 cal/mole appears to be low when compared to those found by, 
other Investigators for higher hydrocarbons.^^^’®®^ This Is 
attributable to the limited conditions over which the experimental 
data were considered. 

4.5.3. Carbon Monoxide Oxidation 

Several levels of approximation, have been used to model CO ; 
oxidation. Two of these are the H 2 /O 2 partial equilibrium and ^ 
total equITIbrIum models. Each of these provides a means of 
estimating radical concentrations in terms of more easily measured 
species. 

' - 

At temperatures of Interest in roost po&t* flame combustion 
zones the biomolecular reations (4-19) through (4-22) can be,; con- 
sidered In a state of partial equilibrium. Under such conditions 
r59l 

It can be shown*: -* that the concentrations of OH, H, and 0 are 
related to the concentrations of the more stable species H 2 » H 2 O, ’ 
and O 2 as follows ' 


[OH] = (,Ki9K2q)1^^.[H21^^-[Q21^^^.^^^ ^ 


[ 0 ] 

[H] 


“ '^ 1 9*^21 


[H2][023 

[H2O] 


K2i(Ki9K2o) 


[HJ 


.,(4-30), - 

(4-31) 

(4-32) 


where K,. is the equilibrium constant for the i th reaction. Sub- 
stitution of Equations (4-30) through (4-32) into the rate expression 
for CO oxidation from Equation (4-18) yields 





Figure 4r2, Arrhenius plot of propane disappearance rate. 
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£C0i _ [C0][0H] - 

dt ■ nsF 


= k^3p(K^9K2o)^/2|-co]j;H2]^/2,.Q^]l/2 




(4-33) 


Here the equilibrium constants k-jg,K 2 Q,K 2 ^ can be evaluated from 
curve fits of JANAF thermochemical data.^^®^ 

The total equilibrium model assumes reactions (4-19) through 
(4-26) are in equilibrium. Then, from reactions (4-22) and (4-23) 

[H20][0] 


[OH] 

C^] 

[ 0 ] 


2 " *^22 


2 *^23 


Elimination of [0] yields, after some rearrangement 

[OH] = (K22K23^/^)‘''/^[H20]^/^[02]^/'^ 
Considering only the forward direction of reaction (4-18) 


= k^3p(K22K23^^^)"'‘^^[C0][H20]^/2,-0^3l/4 

Several investigators have experimentally determined values 
for the rate constant term k-| 3 p(K 22 K 23 ^^^)~^'^^. These are pre- 
sented in Table 4-3. 

While both of the above models are approximations, the partial 
equilibrium approach would appear to be more physically realistic 
than the total equilibrium approach. The bimolecular H 2 /O 2 
propagation reactions (4-19) through (4-22) would be expected to 
be in equilibrium much earlier in the flame zone and over a larger 
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TABLE 4-3. OVERALL CO OXIDATION RATES 


-d [CO]/dt 

3 

(mole/cm sec) 


Temperature Equiv. 

(°K) Ratio Fuel • Method Ref. 


1.3 X 10^^[C0] [02]°‘^[H20]‘^‘^ 
exp(-15.10/T) 

5.6 X 10^^ [CO] [ 02 ]°’^^ [H20]‘^'^ 


840-2360 OVERALL CORRELATION g-, 
OF SEVERAL STUDIES 


exp(-21.64/T) 
J3 


1030-1230 0.04- pu Flow go 

0.5 ^”4 Reactor 


1.8 X lo'-^ [CO] [Oj^-^CHpO]®*^ 1450-1750 0.5- pu Well- 

^ ^ no Stirred 63 


0.8 


exp(-12.58/T) 


Reactor 


2.9 X 10^° [CO] [ 02 ]^'^^ [H20]®'^ 1400-1900 0.5- p u ugii 

9.5 ^3^8 64 

exp(-7.55/T) 


range of conditions than the relatively slow termolecular recombina- 
tion reactions (4-23) through (4-26). Additionally, as equilibrium 
is approached the reverse reaction CO 2 + H CO + OH should be 
considered as is done in Equation (4-33). A problem was anticipated 
however in applying the H 2 /O 2 partial concept to the early flame 
region where temperatures are relatively low (< 1100°K) and radical 
buildup is still occurring. 

The partial equilibrium approach was investigated using the 

[381 

idealized well stirred reactor program of Pratt and Bowman*- ■* 
described in Section 3.4.1. Assuming propane is prepyrolized to 
H 2 and CO, predicted radical concentrations based on a detailed 
reaction scheme for H 2 and CO oxidation (reactions 
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(4-18) through (4-26)) were compared with those obtained using 
the partial equilibrium approximations presented above. Under 
the fuel lean conditions considered, in applying the partial 
equilibrium approach the primary HgO producing reaction was found 
to be 

OH + H + M ^ HgO + M (4-26) 

CO oxidation was assumed to occur via the rate limiting step 

CO + OH i COg + H (4-18) 

Radical concentrations for the above reactions were computed from 
the partial equilibrium relations (4-30) through (4-32). 

The results are shown in Figure 4-3, where radical concentra- 
tions are plotted as a function of residence time in the reactor. 
At short residence times the partial equilibrium scheme signifi- 
cantly overpredicts radical concentrations. Since the H 2 /O 2 
partial equilibrium concept is valid only at higher temperatures, 
such a result is not entirely unexpected. 

Considering the above problems, it was decided to use a two 
step global reaction mechanism in which propane reacts to form 
CO and H 2 O followed by the oxidation of CO to CO 2 

C3Hg -»■ CO + H 2 O (4-36) 

CO CO 2 (4-37) 

The experimentally determined rate for propane oxidation. Equation 
(4-29) was used for reaction (4-36). 

The choice of CO and H 2 O as the products in the one step 

global reaction for C.jHp oxidation was based on the results of both 

[171 [261 

flat flame^ and adiabatic flow reactor studies^ of hydro- 
carbon oxidation. Species concentration profiles in these studies 



CONCENTRATION, mole/cm 



Figure 4-3. Radical concentration as a function of residence time 
based on an adiabatic well stirred reactor model. 

= 0.625; Tn^i^£j = 600 K; P = 1.01 x 10^ N/m^. , 

detailed kinetic mechanism; partial equilibrium 
model . 
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HgO and CO were then computed from H and C atom conservation 
equations. Because the equivalence ratio is everywhere uniform, 
the O 2 mass fraction at any point can be determined from the 
initial C^Hg mass fraction and an 0 atom conservation equation. 
4.5.4. NO Formation 

Under fuel lean conditions NO formation is governed by the 
Zeldovich mechanism^^^^ 

0 + N 2 ^ NO + N (4-38) 

N + O 2 ^ NO + 0 (4-39) 

Invoking the steady state assumption for N atoms, it can be shown 
that initially (i.e., for [NO] « [NOJ^q) the NO formation rate 
is given by^^®^ 

= 2 l<38f CO] CNj] (4-40) 

It remains to determine the 0 atom concentration. 

Three approximations have generally been used. The most 
straightforward approach is to assume O 2 /O equilibrium. Then 

[0] = [ 02 ]^''^ (4-41) 

In typical combustion systems, several recent studies 

have indicated 0 atom concentrations at least an order of magnitude 

greater than that predicted by Equation (4-41). 

A second approach is provided by the H 2 /O 2 partial equilibrium 
assumption presented in Section 4.4.3. The 0 atom concentration 
can then be calculated from Equation (4-31). 


[ 0 ] = 


(4-31) 
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indicate a rapid increase in both CO and HgO occurring simulta- 
neously with the hydrocarbon disappearance. H 2 appears only as ‘an 
intermediate species at relatively low concentrations. This indicates 
a rapid oxidation of H 2 to H 2 O. The oxidation of CO to CO 2 does 
not appear to be significant until later in the flame zone. 

Referring to Table 4-3 for overall CO oxidation rates, both 
the rates from References [61] and [64] were used in the numerical 
calculations. Global rate expressions would be expected to be 
somewhat dependent on fuel type, system, and stoichiometry. There- 
fore it was initially decided to use the rate derived by Hottel.,': 
et al [64] since the conditions for which this rate was derived 
appear to most closely approximate those of the present investiga- 
tion. The results of subsequent numerical calculations showed 
poor agreement between experimental and predicted CO 2 and CO 
profiles. This was primarily a result of the low activation energy 
associated with this rate. Since the temperature ranges associated 
with the rates from References [62] and [63] fall below those 
encountered in the case being modeled (average temperatures in 
combustion zone for case 3 were greater than 1700 K, uncorrected 
for radiation), the over all correlation rate given by Reference 
[26] was used to obtain the final results presented in Chapter 5. 

The above two equation reaction scheme {(4-36) and (4-37)) 
considers 5 species; C^Hg, O 2 , CO, H 2 O, CO 2 . The required number 
of species conservation equations can be reduced however. The mass 
fractions of C^Hg and CO 2 were selected as dependent variables 
(requiring 2 species conservation equations). Mass fractions of 
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Sarofim and obtained agj^gement with experimentally 

measured maximum NO production rates, on a flat flame burner using 
methane, within a factor of 5 using Equation (4-31) to predict 0 
atom concentrations. This expression however requires knowledge 
of the Hg concentration. The kinetic model used in the present 
investigation only considers the product species Ng, Og, CO, COg. 

Iverach, et al^®®^ has suggested partial equilibrium of the ; 
reacti on 

CO + OH t COg + H (4-18) 


in addition to the Hg/Og partial equilibrium scheme. Then 

Substitution of. the partial equilibrium expressions for [H] and [OHj 
(Equations (4-30) and (4-32) into the above expression yields 


■^^2^ _ '^18 [CO] 
TH^ " Kg^ 


(4-42) 


Substitution of Equations (4-31) and (4-42) into (4-40) gives the 


following expression f>r NO formation 


.d .LNpj = 

dt 

In the present investigation 
Baulch, et al 


[Ng] [CO] [Og] 

2 kgsf^is'^ig 


(4-43) 


kgg^was taken from the rate data of 


k3g^=1.36 X 10^^ exp ( -37947 /T) 

The equilibrium constants K.jg and K.jg were taken from a curve fit 
of JANAF thermochemical data. Substitution of these values into 
Equation (4-43) yields the final rate expression for NO formation 


4^ = 1.7 X 10^^ exp(-34088/T)[Ng][CO][02] 

[COg] 
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4.6 Computational Procedure 

As was discussed in the previous two sections the numerical 
computatidhS consist of solving the finite difference form of a 
set of sfmultaheous governing partial’ differential equations at the 
nodal pbirits of a grid network covering the flowfield. In the 
present investigation this ihvblves the solution of six equations 


for six dependent variables: 

Stream function, ¥ 

Vorti city variable, u/r 


CgHg mass fraction, m^, ^ 

3 8 


CO, 


mass fraction, mj.g 


NO mass fraction, m^g 
Stagnation enthalpy, h 


The grid network used isshown in Figure 4-4. This is the same grid 
as used in a previous, study of the ORJ by Samuel sen^^^^. The grid 
is nonuniform in both radial and axial directions to provide a 
finer mesh in those. regions containing the steepest gradients. 

Minimum spacing In the radial (J) direction is 0.4064 itin (at the 
combustor centerline) dhd 5.08 mm In the axial (I ) directibri as the 
jet exi t i s approached 

Primary interest was in obtaining a numerical solution corre- 
sponding to the conditions of experimental case 3. However a solution 
was also obtained for a cold' flow Case‘(no combUstibri) in which CO 
was intrbduced through the jet injector. In the latter case three 
dependent vatfiables. Were considered: -the stream function, the 

V ’ -r.. . 

vorti city variable, and the CO mass fraction. Inlet conditions for 
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Figure 4-4. Grid for numerical calculations. 

a) Actual size 

b) Radial direction expanded (X2) 
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the cold flow and hot flow case are shown in Table 4-4. 

TABLE 4-4 COLD FLOW INLET CONDITIONS 


VARIABLE 

MAIN STREAM 

JET STREAM 

Velocity, m/s 

7.74 

95.9 

Temperature, °K 

295 

295 

"Air" Mass Fraction 

1.0 

0.973 

CO Mass Fraction 

0.0 

0.027 


The CO distribution was measured experimentally in the ORJ operating 
under the conditions of Table 4-4 in a cold flow mode using the 
sampling probe and NDIR CO analyzer described in Chapter 2. It was 
felt a comparison of the experimental and numerical results would 
provide a partial validation of the viscosity model and numerical 
technique. The vorticity and streamf unction distributions calculat- 
ed in the cold flow case were then used as initial guesses for the 
case with combustion added. Inlet conditions for the case with 
combustion are shown in Table 4-5. 

TABLE 4-5 HOT FLOW INLET CONDITIONS 


VARIABLE 

MAIN stream 

JET stream 

Velocity, m/s 

7.74 

95.9 

Temperature, °K 

600 

300 

Equivalence ratio 

0.625 

0.625 


In numerical calculations of the present type, the solution 
is considered to have converged when the fractional change in the 
value of each dependent variable from one iteration (N-1) to the 
next (N) is less than a certain prescribed value. This value was 
taken as 0.005^^^^. Thus the convergence criteria can be written 
as 
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N-1 

'N 


< 0.005 


r44i 

It has been pointed out*- ■' that divergence can occur if varia- 
tion in any of the terms of the finite difference equations is large. 
No problems were encountered with the cold flow solution. Conver- 
gence problems did occur however when combustion was added. This 
was remedied by under-relaxing several of the variables. The 
expression used for under-relaxation is given by 
4 ) = 4 >^_^ + ( 4 )^ - 4 >^_^) 

where 4>nj_i is the value of the variable which was computed on the 
(N-1) the iteration, 4>|^ is the value which would be computed in 
the normal way on the Nth iteration, ctyj^ is the under-relaxation 
parameter, and 4> is the value which is actually used for the Nth 
iteration. Values of used in the calculations were as follows 


VARIABLE 

“UR 


1.0 

co/r 

0.75 


0.2 

■"C02 

0.2 

h 

1.0 


From the standpoint of computer time, it was found advantageous 
to divide the hot flow solution into two parts. Since the flowfield 
properties are almost entirely determined by the hydrocarbon system, 
a solution was first obtained while neglecting NO formation. NO 
kinetics were then superimposed on the hydrocarbon system as a 
separate problem. 
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The cold flow solution with CO injection took 160 iterations 
to converge (30 seconds central processing time on a CDC 7600). 
Using the cold flow solution for oj/r and ¥ as an initial guess 
the solution for the hydrocarbon system with combustion took 1100 
iterations (5 minutes computing time). Superimposing the NO system 
kinetics on the hydrocarbon solution required an additional 70 
iterations to obtain a final solution. 


CHAPTER 5, . ; 

ANALYTICAL RESULTS AND DISCUSSION 

In this chapter the results of the analytical modeling are 
presented. Two cases were studied. The results for cold flow CO 
injection are presented in Section 5.1 and results for the case 
with combustion included (corresponding to experimental case 3) 
can be found in Section 5.2. The results are discussed and a 
comparison with the experimental findings is made. 

5.1. Cold Flow CO Injection 

Predicted stream function and CO mole fraction distributions 
for the case of cold flow CO injection through the jet are shown 
in Figures 5-la and 5-lb. . Also shown in Figure 5-lc is the experi^ 
mentally determined CO distribution. Although some discrepancies 
exist, agreement between the experimental and predicted CO distri- 
butions is quite good. The primary discrepancies are near the 
outer Vycor wall where the predicted axial rate of increase in CO 
is too rapid, and along the combustor centerl Ine where the predicted 
CO level decreases too rapidly as one moves upstream from' the jet 
exit. 

The inlet conditions corresponding to this case are inlet 
velocities of 7.94 m/s and 95.9 m/s in the main stream and jet 
streams respectively, and an inlet temperature of 295°K. To deter- 
mine the effect of experimental uncertainty on the results-j inlet 
velocities and compositions were varied by + 5%. It was found that 
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c) Experimenta7 CO nx)7e fraction 



Figure 5-1. Flowfield property distributions for cold flow CO 
injection. 
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such a variation could not account for the observed discrepancy. 

Thus it would appear that the observed disagreement between experi- 
mental and predicted CO distributions is due to the simplicity of 
the turbulence model being used to describe what is a very complex 
turbulent flow system. The effect of a variation in effective 
viscosity is shown in Figures 5-2 and 5-3. Figure 5-2 shows a 
comparison between measured and predicted CO centerline profiles, f 
Figure 5-3 compares measured and predicted radial CO profiles at 
an axial distance of 88.9 mm from the combustor exit. Predicted 
profiles are presented for two values of effective viscosity; an 
effective viscosity as calculated from Equation (4-16) (used to 
determine the predicted distributions in Figure 5-1), and a second 
value representing a 25% reduction in While agreement with 

experimental results for the latter value of is somewhat improved, 
remaining differences between experimental and predicted profiles.., 
represent a limit on the accuracy of the proposed viscosity model. 

5.2. Solution with Combustion 
5.2.1. Hydrocarbon System 

Predicted and experimentaT flowfield distributions are present-, 
ed in Figures 5-4 through 5-11. Inlet conditions correspond to those 
of experimental case 3. The two step C^Hg and CO oxidation scheme 
represented by Equations (4-36) and (4-37) was used in conjunction 
with the global CO oxidation rate of Howard, et al^^^ ' 

dieted stream function distribution is shown in Figure 5.4. For 
the cold flow case the stagnation point was located approximately 
100 mm upstream of the jet exit (Figure 5-1). With combustion 
the stagnation point has moved to approximately 146 mm upstream 



CO C0NCENTRAT40N, ppm CO CONCENTRATION, ppm 



centerline profiles for cold flow CO injection. 






Figure 5-4. 


Predicted stream function distribution {x 10'^) for flow with combustion. 
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of the jet exit. Since the jet velocities are the same in both 
cases, this is a result of the expansion of the hot combustion 
gases. 

Predicted and experimental C^Hg mole fraction distributions 
are shown in Figure 5-5. Qualitatively agreement is fair. Near 
the centerline experimental C^Hg mole fractions begin to decrease 
15 mm farther upstream than predicted values. In the lower 
temperature regions near the outer Vycor wall the predicted C^Hg 
mole fractions begin decreasing farther upstream than the experimental. 
This is a similar behavior to that found in the previous section 
for CO distributions in the cold flow case, and can partially be 
accounted for by the simplified viscosity model employed. 

Perhaps a more direct cause of the predicted behavior in the 
lower temperature outer regions would be the use of the experimen- 
tally derived rate for C^Hg oxidation 

d COoHo] rt c 

= 4.97 exp (-9195/RT) [CgHg]^’^ (4-29) 

This rate was based on average concentration and temperature 
measurements taken over a limited range of conditions in the high 
temperature recirculation zone. For example, the temperature range 
used in the derivation extended only from 1450° K to 1750° K. 
Extrapolation of this rate expression to lower temperature regions 
of the combustor could not be expected to yield accurate predictions 
throughout the combustion zone. The trends shown in Figure 5-5 
indicate a predicted rate which is too fast at lower temperatures. 

This is directly attributable to the low activation energy associat- 
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Figure 5-5. Experimental and predicted C^Hq mole fraction 
distributions. ^ ° 
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ed with Equation (4-29). Predicted C^Hg concentrations are also 
seen to decrease to much lower values downstream of the initial 
flamefront. Again this is a result of using the above propane 
oxidation rate over a range of conditions for which it was not 
deri ved. 

Predicted and experimental H 2 O distributions are shown in 
Figures 5-6. Again the apparent disagreement between the 
predicted and experimental results can be explained in terms of the 
above discussion of the experimentally derived propane oxidations 
rate. Due to the assumption of a one step oxidation of CgHg to 
H 2 O via reaction (4-36) 

CgHg CO + H 2 O 

the H 2 O appearance rate is directly related to the C^Hg disappearance 
rate. Thus the early predicted CgHg disappearance is accompanied 
by an early increase in H 2 O, especially in the lower temperature 
regions of the combustor. 

The effect of the additional kinetic approximation introduced 
by assuming a one step oxidation of CO to CO 2 can be seen through 
a comparison of predicted and experimental CO distributions in 
Figure 5-7. As expected, in the upstream region of the 
flamefront the predicted initial buildup occurs farther upstream 
than is found experimentally. This is more clearly shown in 
Figure 5-8 where a comparison between predicted and experimental 
axial CO profiles at a radial distance of 13.2 nun from the combustor 
centerline is presented. The initial rise in CO occurs approximate- 
ly 35 mm upstream of that found experimentally although the peak 
in CO concentration occurs at the same location This peak 
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a) Experimental H2O mole fraction 



b) Predicted H^O mole fraction 



Figure 5-6. Experimental and predicted H^O mole fraction 
distributions. 
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a) Experimental CO mole fraction 



b) Predicted CO mole fraction 



Figure 5-7. Experimental and predicted CO mole fraction 
distributions. 



GO MOLE FRACTION 



Figure 5-8. Predicted and experimental CO profiles at a radial position of 
13.2 mm from the combustor centerline. 
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corresponds to a calculated temperature of 1200° K and represents 
the point at which the oxidation of CO to CO 2 becomes faster than 
the production of CO from C^Hg oxidation. 

Subsequently, as-one moves downstream toward the combustor 
exit, the predicted levels of CO decrease to values considerably 
below those found experimentally. This can also be seen in 
Figure 5-7 to be true across the entire combustor once 
the initial flameffont has been traversed. As has been pointed 
out by Howard, et al^^^^, the CO rate expression used to obtain 
the results of the present section can be expected to give rates 
up to an order of magnitude fast when applied late in the postflame 
region where the back reaction CO 2 + H ^ OH + CO becomes important. 
Such appears to be the case here. 

The theoretical well stirred reactor discussed in Section 4.4.3 
was used to compare species concentration profiles using a detailed 
mechanism for CO oxidation and the global one step reaction given 
by Howard, et al.^^^^ Inlet conditions were taken to be the same 
as those of experimental case 3 (Tjj^ = 600°K, <() = 0.625), and an 
infinite propane oxidation rate was assumed. The results are shown 
in Figure 5-9 where [COJ/CCO^] and T are plotted as a function of 
reactor residence time. For increasing residence time the ratio of 
CO to CO 2 decreases much more rapidly when Howard's global rate is 
used than when using a detailed mechanism. For the range of resi- 
dence times expected in the ORJ combustor (1-5 m sec) operating 
under the present conditions, CO levels predicted using the global 
approximation are up to a factor of 3 lower than those predicted 
using the detailed mechanism. Calculations also show that the back 
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Figure 5-9. Composition and temperature based on adi- 
abatic well stirred reactor model. ^ = 
0.625; TinleT = 600 K; P = 1.01 x 10^ N/m2. 

, detailed CO oxidation mechanism; — , 

global rate for CO oxidation {Howard, et al 
[61]). 


TEMPERATURE 
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reaction COg + H CO + OH becomes important for residence times 
greater than 1 msec. While this comparison between the well 
stirred reactor and an ORJ is only an approximation, it should 
be noted that overall concentrations of the species and tempera- 
tures are in agreement for the two systems and general observations 
made in one system should hold in the other. 

If the above explanation of the low predicted CO levels were 
indeed ’true then one would expect predicted COg formation rates 
to be greater than those found experimentally. Examination of 
Figure 5-10 show this to be the case, with the maximum 

I 

CO 2 mole fraction of 0.074 being attained much sooner and over a 
larger portion of the combustor inthe predicted distribution. In 
the following section the smaller predicted ratio of [C 0 ]/[C 02 ] in 
the high temperature regions of the combustor will have a signifi- 
cant effect on predicted NO levels’. 

Predicted and experimental temperature distributions are shown 
in Figure. 5-11. The experimental temperatures 
are uncorrected for thermocouple radiative losses and thus could 
be expected to be somewhat lower than predicted values. As dis- 
cussed in Section 2.2.2 typical thermocouple corrections are on the 
order of 200 K, indicating agreement in the maximum levels attained. 
Since the temperature is computed from the local enthalpy and species 
concentrations, the difference in predicted and experimental dis- 
tributions is a direct result of the differences in concentration 
distributions discussed previously. 

5.2.2. NO System 

Once the flowfield v;as established for the hydrocarbon system. 
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a) Experimental CO 2 mole fraction 




Figure 5-10. Experimental and predicted CO 2 mole fraction 
distributions. 
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a) Experimental temperature (°K) 




Figure 5-11. Experimental and predicted temperature 
distributions. 
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the resulting temperature and species concentration distributions 
were used in conjunction with the simplified nitric oxide formation 
rate (Equation 4-42) to obtain the corresponding- NO distribution. 

The predicted and experimental results are shown in Figure 5-T2. 

Note that experimental results are presented as total oxides of 
nitrogen (NO^) whereas predicted values are for NO. These concen- 
trations should be comparable- since all proposed schemes for the 
production of NO 2 in high temperature flames involve conversion of 
the initially formed NO. 

It is immediately apparent that predicted NO levels are 
significantly lower (up to 50% at the combustor exit). There are 
several explanations for this discrepancy, mostly related to simpli- 
fications used in the kinetic scheme. 

Pratt and. Mai te have proposed that N 2 Q may play an impor- 
tant role as an intermediate in NO production in low temperature 
fuel lean systems. The- proposed mechanism is as follows 


N 2 + 0 + M t N 2 O + M 

(5-1) 

N 2 O + 0 NO + NO 

(5-2) 

N 2 O + 0 ^ N 2 + O 2 

(5-3) 

NgO + H N 2 + OH 

(5-4) 


To determine the possible importance of this mechanism in NO 
production under the conditions of the present investigation theore- 
tical well stirred reactor calculations v/ere carried out for an 
equivalence ratio of 0.625 and an inlet temperature of 600 K . 

In one case only the Zeldovich mechanism was used (Equations (4-38) 
and (4-39)) and in the other the above NgO mechanism was added. 

The results are shown in Figure 5-13. Approximately a 30% increase 
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Figure 5-12. Predicted and experimental NO^ distributions. 
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in NO occurs with the addition of the NgO mechanism. Thus it 
appears possible that neglecting the NgO contribution to NO pro- 
duction in the numerical calculations could partially account for 
the low levels of predicted NO. 

The NO formation rate used in the numerical calculations is 
given by 


d [NO] ^ 
dt 


CN2] [CO] [O2] 

^ ‘^asf'^is'^ig Tco^T 


(4-42) 


The concentrations of N2 and O2 are relatively constant across the 
high temperature region of the combustor. Therefore the predicted 
NO formation rate becomes primarily a function of [C0]/[C02] and T. 
Typical radial variations in the experimental and predicted values 
of these variables are shown in Figure 5-14. Considering that the 
experimental temperature profiles are uncorrected for radiative 
thermocouple losses the agreement in temperature profiles appears 
to be quite good. Note however, especially in the high temperature 
region where maximum NO^ is formed, the predicted [C0]/[C02] ratio 
is anywhere from a factor of 2 to an order of magnitude less than 
the experimental value. Thus the inability of the one step CO 
oxidation scheme to correctly predict [C0]/[C02] ratios in high 
temperature regions seems to be the primary cause for the inability 
of the model to predict NO^ concentrations. 

This conclusion is verified by the theoretical well stirred 
reactor results for NO presented in Figure 5-15. Corresponding 
values for [C0]/[C02] and temperature were shown in Figure 5-9. 

Note that when the CO/CO2 partial equilibrium scheme [Equation 
4-43) is used for NO formation together with a detailed mechanism 
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Figure 5-14. Predicted and experimental radial com- 
position and temperature profiles at an 
axial position of 101.6 mm from the 
combustor exit. 
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RESIOENCE TIME, sec 


Figure 5-15. Predicted NO concentrations based on 

adiabatic well stirred reactor model. _ 

♦ = 0.625; Tin = 600 K; P = 1.013 x lO^ N/m^; 

; detailed kinetic mechanism for CO 
and NO (Zeldovich); — , detailed CO 
oxidation mechanism, partial equilibrium 
CO/CO 2 mechanism for NO (Eqn. 4-43); 

global rate (Howard, et aU^lJ) 
for CO oxidation, partial equilibrium 
CO/COg mechanism for NO (Eqn. 4-43). 
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for CO oxidation, good agreement is obtained with NO concentrations 
predicted using the Zelodovich mechanism. However when Howard's 
global rate for CO oxidation is used the partial equilibrium model 
underpredicts NO concentrations by an amount comparable with that 
found in the numerical calculations of Figure 5-12. 

5.3 Summary 

A comparison between experimentally measured and predicted 
properties in a turbulent recirculating flow with and without com- 
bustion has been presented. In the case of cold flow with CO 
injection through the jet the resulting distributions indicated a 
strong dependence of the results on the turbulence model. A com- 
parison of the results obtained here with a more sophisticated tur- 
bulence model would be informative in bringing out the shortcomings 
of the present model . 

In the case of flow with combustion shortcomings in both the 
turbulence and kinetic models were found. Due to the interaction 
between fluid mechanics and chemistry however it is not possible 
to isolate the relative effects. Agreement between experimental 
and predicted species distributions for the hydrocarbon system was 
fair. The major discrepancy was found in low temperature regions 
at the initial flamefront and near the outer Vycor wall where the 
experimentally derived rate for propane oxidation was being applied 
outside of the temperature range for which it was derived. In high 
temperature regions a more complete oxidation of CO to CO 2 was 
predicted than found experimentally. This was due to the importance 
of the back reaction CO 2 + H -»■ CO + OH which was neglected in the 
simplified CO oxidation scheme. 
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Predlcted NO levels were up to 50% lower than experimental. 

It was proposed that this was the result of the low ratio of 
[C0]/[C023 in the high temperature regions in which NO is formed. 

The NO formation rate used in the calculations is proportional to 
this ratio. Neglecting N 2 O as an intermediate in NO formation was 
also shown to have a possible effect. Finally, predicted NO levels 
are subject to the limitations inherent in the use of a time 
averaged approach. Such an approach neglects turbulent fluctuations 
in temperature and concentration which are likely to effect local 
chemical kinetic rates. This is especially true in the case of a 
strongly temperature sensitive pollutant such as NO^. Investiga- 
tions are needed into the effect of turbulent fluctuations on 


kinetic rates. 
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CHAPTER 6 
CONCLUSION 

An investigation of pollutant formation under fuel lean condi- 
tions in an opposed reacting jet model combustor was undertaken. 

The intense mixing achieved in the ORJ allows stabilized combustion 
to be maintained at overall equivalence ratios as Tow as 0.45. 
Detailed concentration and temperature measurements over a range 
of equivalence ratios from 0.625 to 0.45 and at inlet temperautres 
from 300°K to 600° K have been presented. 

Fuel lean premixed combustion is concluded to be an effective 
means of achieving low pollutant emission levels. NO levels in 
the ORJ were found to approach those of a theoretical well stirred 
reactor model. This represents a significant reduction over NO 
levels measured in conventional gas turbine combustors. Unburned 
hydrocarbon and CO levels were somewhat high due to the limited 
residence times available in the experimental configuration used. 
Efficiencies approaching 100% should be possible, with a relatively 
small increase in NO^ emissions, through the use of longer residence 
times. 

Significant levels of NOg were measured. Under conditions 
promoting lower flame temperatures NOg constituted up to 100% of 
the total NO . At higher temperatures this percentage decreased 

A 

to a minimum of 50%. These experimental observations are consis- 
tent with a mechanism involving conversion of NO to NOg by the HOO 
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radical. Rapid mixing of hot and cold regions of the combustor 
appears necessary to quench NO 2 destruction reactions involving 
0, H and OH radicals. 

An analytical model for predicting point by point properties 
of the opposed reacting jet flowfield was developed. Agreement 
with experimental results was fair. Discrepancies were found to 
^e the result of the simplified kinetic and fluid mechanic approxi- 
mations. 



REFERENCES 


1. Starr, C., Energy and Power, W.H. Freeman, San Francisco (1972). 

2. Battelle Memorial Institute, "The Federal R & D Plan for Air 
Pollution Control by Combustion Process Modification," EPA, 
Contract CPA 22-69-147 (1971). 

3. Sawyer, R.F., "Atmospheric Pollution by Aircraft Engines and 
Fuels-A Survey," A6ARD Advisory Report No. 40, NATO (1972). 

4. Whiter D.J., Roberts, P.B. and Compton, W.A., "Low Emission 
Variable Area Combustor for Vehicular Gas Turbines," ASME Paper 
No. 73-GT-19 (1973). 

5. Sternlicht, B., "Which Automotive Engines in the Future," 
Mechanical Engineering , 96 , 11 (1974). 

6. Johnston, H.S., "Reduction of Stratospheric Ozone by Nitrogen 
Oxide Catalysts from SST Exhaust," Science , 173 , 517 (1971). 

7. Hoffert, M.I. and Stewart, R.W., "Stratospheric Ozone-Fragile 
Shield?," Astronautics and Aeronautics , 42-55 (October 1975). 

8. Crutzen, P.J., "The Influence of Nitrogen Oxide on the Atmo- 
spheric Ozone Content," Quant. J. Roy. Meterol . Soc., 320-325 
0970). 

9. Grobman, J. and Ingebo, R.D., "Forecast of Jet Engine Exhaust 
Emissions of High-Altitude Commericial Aircraft Projected to 
1990," Propulsion Effluents in the Stratosphere, CIAP Monograph 
2, Chapter 5, (September 1975). 

10. Grobman, J.S., "Effect of Operating Variables on Pollutant 
Emissions from Aircraft Turbine Engine Combustors," Emissions 
from Continuous Combustions Systems , W. Cornelius and W.G. Agnew, 
Eds., Plenum, 123 (1972). 

11. Sawyer, R.F. , Cernansky, N.P. and Oppenheim, A.K., "Factors 
Controlling Pollutant Emissions from Gas Turbine Engines," 

AGARD Conference Proceedings No. 125 on Atmospheric Pollution 
by Aircraft Engines, AGARD-CP-1 25, Section 22 (April 1973). 

12. Lefebvre, A.H. , "Pollution Control in Continuous Combustions 
Engines," Fifteenth Symposium (International) on Combustion , 

229, The Combustion Institute, Tokyo, Japan (1974). 

13. Sawyer, R.F. , "Aircraft," Combustion Sources of Air Pollution 
and their Control, Continuing Education in Engineering, 

University Extension and the College of Engineering, University 
of California, Berkeley (1973). 

14. Sawyer, R.F. and Blazowski, W.S., "Fundamentals of Pollutant 
Formation,", Propulsion Effluents in the Stratosphere, CIAP 
Monograph 2, Chapter 3 (September 1975). 


142 



-143- 


15. Fletcher, R.S. and Heywood, J.B., "A Model for Nitric Oxide 
Emissions from Aircraft Gas Turbine Engines," AIAA Paper 71-123, 
presented at AIAA 9th Aerospace Sciences Meeting, New York, 
January (1971). 

16. Schefer, R.W. , Matthews, R.D., Cernansky, N.P. , and SaWyer, R.F., 
"Measurement of NO and N0« in Combustion Systems," Paper No. 

WSCI 73-31, presented at the 1973 Fall Meeting, Western States 
Section of the Combustion Institute, El Segundo, California 
(1973). 

17. Fristrom, R.M. and Westenberg, A. A., F lame Structure , 

McGraw-Hill, New York (1965). 

18. Cernansky, N.P., "Private Communication," Department of 
Mechanical Engineering, University of California, Berkeley 
(1974). 

19. Allen, J.D., "Probe Sampling of Oxides of Nitrogen from Flames," 
Combustion and Flame , 24 , 133 (1975). 

20. Patterson, J.A., McElroy, M.W., Sawyer, R.F., and Singh, T., 

"A Prototype Chemicluminescent NO Analyzer," Report No. TS-70-9, 
Department of Mechanical Engineering, University of California, 
Berkeley (1970). 

21. Matthews, R.D., "distributions of NO, NO 2 , and NO in a Model 
Gas Turbine Combustor," M.S. Thesis, Department oT Mechanical 
Engineering, University of California, Berkeley (1973). 

22. Tuttle, J.H. Shisler, R.A. and Mellor, A.M., "Nitrogen Dioxide 

Formation in Gas Turbine Engines: Measurements and Measurement 

Methods," Environmental Protection Agency Grant No. R-801284, 
Report No. PURDUE-CL-73-06 (1973). 

23. Maahs, H.G., "Interference of Oxygen, Carbon Dioxide and Water 
Vaport oh the Analysis for Oxides of Nitrogen by Chemilumine- 
scence," NASA TM X-3229 (August 1975). 

24. Allen, J.D., Billingsly, R. and Shaw, J.T., "Evaluation of the 
Measurement of Oxides of Nitrogen in Combustion Products by 
the Chemiluminescence Method," J. Institute of Fuel (December 
1974). 

25. McLean, W.J. and Sawyer, R.F., "Mass Spectrometer Data Reduc- 
tion and Error Analysts," Report No. TS-67-4, Department of 
Mechanical Engineering, University of California, Berkeley 
(1967). 

26. Glassman, I., Dryer, F.L. and Cohen, R., "Combustion of Hydro- 
carbons in an Adiabatic Flow Reactor: Some Considerations 

and Overall Correlations of Reactions Rate," presented at 
Joint Meeting of the Central and Western States Sections of the 
Combustion Institute, The Combustion Institute, San Antonio (1975) 



-144- 


27. Kent, J.A. , "A Noncatalytic Coating for Platinum-Rhodium 
Thermocouples," Combustion and Flame , 14 . 279 (1970). 

28. Bradley, D. and Matthews, K.J. , "Measurement of High Gas 
Temperatures with Fine Wire Thermocouples," J. Mech. Engr. Sci^, 
10, 4, p. 299 (1968). 

29. Noon, A.W., "Investigation of Jet FI amehol ders , Part II,": 

WADC TN 56-316 (1957). 

30. Fuhs, A.E., "Spectroscopic Studies of Reverse Jet Flame 
Stabilization," ARS Journal . 30 , 238 (1960). 

31. Schlichting, H., Boundary Layer Theory . 6th edition, McGraw-Hill 
Book Company, New York (1958). 

32. Bowman, C.T., Seery, D.J., "Investigation of NO Formation 

Kinetics in Combustion Processes: The Methane-Oxygen-Nitrogen 

Reaction," Emissions from Continuous Combustion Systems . W. 
Cornelius and W.G. Agnew, Plenum, 123 (1972). 

33. Baulch, D.L. and Drysdale, D.D., "An Evaluation of Rate Data 

for the Reaction CO + OH C0« + H," Combustion and Flame, 23, 
215 (1974). ^ ~ 

34. Fenimore, C.P. and Moore, J., "Quenched Carbon Monoxide in 
Fuel -Lean Flame Gas," Combustion and Flame , 22 . 343 (1974). 

35. Blazowski, W.S. and Henderson, R.E., "Aircraft Exhaust Pollution 
and Its Effect on the U.S. Air Force," AFAPL-TR-74-64, Air 
Force Aero-Propulsion Lab, Wright-Patterson Air Force Base, 

Ohio (1974). 

36. Anderson, D.N., "Effects of Equivalence Ratio and Dwell Time 
on Exhaust Emissions from an Experimental Premixing Prevapor- 
izing Burner," NASA TM X-71592 (1975). 

37. Roffe, G. and Ferri, A., "Prevaporization and Premixing to 
Obtain Low Oxides of Nitrogen in Gas Turbine Combustors," 

NASA CR-2495 (1975). 

38. Lipfert, F.W., "Correlation of Gas Turbine Emissions Data," 

ASME 72-GT-60 (1972). 

39. Pratt, D.T. and Bowman, B.R., PSR-A "Computer Program for 
Calculation of Combustion Reaction Kinetics in a Micromixed 
Perfectly Stirred Reactor," Circular 43, Engineering Extension 
Service, Washington State University, Pullman, Washington (1972). 

40. Marteney, P.J., "Analytical Study of the Kinetics of Formation 
of Nitrogen Oxide in Hydrocarbon-Air Combustion," Combustion 
Science and Technology, 1, 461 (1970). 



-145- 


41. Mellor, A.M. , "Current Kinetic Modeling Techniques for 

Continuous Flow Coirt>ustors," Emissions from Continuous Com- 
bustion Systems , Plenum Press, New York (1972). ~ ~~ ' 

42. Anonymous, "Exhaust Emissions Test," AiResearch Aircraft 
Propulsion and Auxiliary Power Gas Turbines, AiResearch Co. 
Report GT-8747-R( 1971). 

43. Cernansky, N.P., "Formation of NO and N0„ in a Turbulent 
Propaiie/Air Diffusion Flame, Ph.D. Dissertation, University 
of California, Berkeley, California (1974). 

44. Gosman, A.D. , Pun, W.M. , Runchal , A.K. , Spalding, D.B. and 
Wolfshtein, M., Heat and Mass Transfer in Recirculating Flows . 
Academic Press, London (1969). 

45. Bird, R.B., Stewart, W.E. and Lightfoot, E.M., Transport 
Phenomena . John Wiley & Sons, Inc., New York (I960). 

46. Pratt, D.T., "Theories of Mixing in Continuous Combustibn," 
Fifteenth Symposium (International) on Combustion, 1339, 

The Combustion Institute (1975). 

47. Samuelsen, G.S., "Analytical and Experimental Investigation 
of an Ammonia-Air Opposed Reacting Jet," Ph.D. Dissertation, 
University of California, Berkeley (1970). 

48 . JANAF Thermochemical Data, The Dow Chemical Company, Midland, 
Michigan (I960). 

49. Pun, W.M. and Spalding, D.B., "A Procedure for Predicting the 
Velocity and Temperature Distributions in Confined, Steady, 
Turbulent, Gaseous Diffusion Flames," Imperial College, 
Mechanical Engineering Department, SF/TN/11, (1967). 

50. Odlozinski, G., "A Procedure for Predicting the Distribution of 
Velocity and Temperature in a Flame Stabilized Behind a Bluff 
Body," Imperial College, Department of Mechanical Engineering, 

,EF/R/G/2 (1968). 

51 . Launder, B.E. and Spalding, D.B., Mathematical Models of 

Turbulence . Academic Press, London (1972). 

52 . Shapiro, A.H., The Dynamics and Thermodynamics of Compressable 

Fluid Flow . The RonaTd Press. New York (1954). 

53. Caretto, L.S., "Modeling Pollutant Formation in Combustion 

Processes.” Fourteenth Symposium (International ) on Combustio n, 
803, The Combustion Institute, Pittsburgh, Pennsylvania (l973j. 

iSi. Hammond, D.C. and Mellor, A.M.. "Analytical Calculations for the 
Performance and Pollutant Emissions of Gas Turbine Combustors," 

• Combustion Sci. Tech. . 4, 3, 101 (1971). 


-146- 


55. Edelman, R. and Fortune, 0., "A Quasi-Global Chemical Kinetic 
Model for the Finite-Rate Combustion of Hydrocarbon Fuels," 

AIAA Paper 69-86 (1969). 

56. Marks, M., "Nonlinear Regression Analysis Program," Air Force 
Rocket Propulsion Laboratory, Edwards AFB, California (1974). 

57. Kydd, P.H. and Foss, W.I., "Combustion of Fuel-Lean Mixtures 
in Adiabatic Well Stirred Reactors, " Tenth Symposium (Inter- 
national) on Combustion . 1 01 , The Combustion Institute (1965). 

58. Clarke, A.E. and Odgers, J., Stringer, F.W. and Harrison, A.J., 
"Combustion Processes in a Spherical Combustor," Tenth 
Symposium (International) on Combustion . 1151, The Combustion 
Institute (1965). 

59. Leonard, P.A., Lester, T.W., Clancy, M.G., Laurendeau, N.M. 
and Mellor, A.M., "Nitric Oxide Formation in Hydrocarbon/Air 
Flames," Report No. PURDU-CL-73-04, Purdue University, West 
Lafayette, Indiana (1973). 

60. Kondratiev, V.M., Rate Constants of Gas Phase Reactions , 

National Technical Information Service No. COM-72-10014 (1972). 

61. Howard, J.B., Williams, G.C., and Fine, D.H., "Kinetics of 
Carbon Monoxide Oxidation in Postflame Gases," Fourteenth 
Symposium (International) on Combustion . 975, The Combustion 
Institute, Pittsburgh, Pennsylvania (1973). 

62. Dryer, F.L. and Glassman, I., "High Temperature Oxidation of 

CO and CH ," Fourteenth Symposium (International ) on Combustion , 
987, The Combustion Institute, Pittsburgh, Pennsylvania (1973).' 

63. Williams, G.C., Hottle, H.C. and Morgan, A.C., "The Combustion 
of Methane in a Jet-Mixed Reactor," Twelfth Symposium 
(International) on Combustion, 913, The Combustion Institute 
(1969). 

64. Hottel , H.C., Williams, G.C., Nerheim, N.M. , and Schneider, G.R., 

"Kinetic Studies in Stirred Reactors: Combustion of Carbon 

Monoxide and Propane," Tenth Symposium (International) on 
Combustion , 111, The Combustion Institute (1965). 

65. Laurendeau, N.M., "The Thermal Decomposition of Nitric Oxide 
and Nitrogen Dioxide," Ph.D. Thesis, Report No. TS-72-4, 
Department of Mechanical Engineering, University of California, 
Berkeley (1972). 

66. Thompson, D., Brown, T.D., and Beer, J.M., "No Formation in 
Combustion," Combustion and Flame , 1_9, 69 (1972). 

67. Sarofim, A.F., and Pohl , J., "Kinetics of Nitric Oxide Forma- 
tion in Premixed Laminar Flames," Fourteenth Symposium (Inter- 
national) on Combustion . 739, The Combustion Institute (1973). 


I 


-147- 


68. Iverach, D. Basden, K.S. and Kirov, N.Y., "Formation of Nitric 
Oxide in Fuel -Lean and Fuel -Rich Flames" Fourteenth Symposium 
(International) on Combustion, 767, The Combustion Institute 
(1973). 

69. Baulch, D.L., Drysdale, D.D. and Lloyd, A.C., "Critical Eval- 
uation of Rate Data for Homogeneous, Gas Phase Reactions of 
Interest in High Temperature Systems," Nos. 1 and 2, Depart- 
ment of Phys. Chem. , The University of Leeds, England (1968). 

70. Malte, P.C. and Pratt, D.C. "Oxides of Nitrogen Formation for 
Fuel-Lean, Jet Stirred Carbon Monoxide Combustion," Paper 73-37, 
presented at the Fall Meeting, Western States Section of the 
Combustion Institute, El Segundo, California (1973). 

71. Cunningham, R.D., "Orifice Meters with Supercritical Compress- 
able Flow," Trans. Am. Soc. Mech. Enqr. , 73 , 625 (1951). 

72. Baulch, D.L., Drysdale, D.D., Horne, D.G. and Lloyd, A.C., 

Evaluated Kinetic Data for High Temperature Reactions, 
Butterworths , London (1972). 

73. Garvin, D. and Hampson, R.F., "Chemical Kinetics Data Survey 
VII. Tables of Rate and Photochemical Data for Modeling the 
Stratosphere (Revised)," Report No. NBSIR-74-430, National 
Bureau of Standards, Washington, D.C. (1974). 

74. Nickerson, G.R. and Frey, H.M., GKAP - "Generalized Kinetic 
Analysis Program," Ultrasystems, Irvine, California (1971). 

75. Merryman, E.L. and Levy, A., "Nitrogen Oxide Formation in Flames: 
The Roles of NOp and Fuel Nitrogen," Fifteenth Symposium 
(International )^on Combustion, 1073, The Combustion Institute 
(1975). 

76. Bowman, C.T., "Kinetics of Nitric Oxide Formation in Combustion 
Processes," Fourteenth Symposium (International ) on Combustion , 
729, The Combustion Institute (1973). 

77. Niedzwiecki, R.W. and Jones, R., "Parametric Test Results of a 
Swirl Can Combustor," NASA TM X-68247 (1973). 


L 


APPENDIX A 


/ 

Experimental Facility ^ 

A.l. Introduction 

A brief description of the combustor and combustor test sec- 
tion was given in Chapter 3. In this appendix details of the 
experimental facility and related support equipment are presented. 

A schematic of the experimental facility is shown in Figure A-1 . 

The fuel and air supply systems, metering of the fuel and air, and 
design of the facility are discussed below. 

A. 2. Main Fuel and Air 

Main air is supplied from the house compressed air system 

6 2 

which is maintained at a nominal pressure of 1.48 x 10 N/m . A 

50.8 mm line is used to supply the experimental system. The pressure 

5 2 

is reduced to 4.46 x 10 N/m prior to metering. The main air is 
metered with a standard 15.24 mm diameter ASME orifice (with flange 
pressure tops) designed in accordance with ASME codes (ASME; 1961; 
Cunningham^^^ ^) . The pressure ratio across the orifice was read 
in inches of water on a manometer. Upstream static pressure is 
measured with a Boudon gage and the temperature of the flow is 
measured using a thermocouple. The orifice calibration was checked 
against a positive displacement meter. 

The main air flow is controlled by means of a 12.7 mm needle 
metering valve. The 50.8 mm line is reduced to a 12.7 mm line 
to accomodate the valve. After the control valve air preheat is 
provided by a General Electric air circulation heater utilizing six 
6-KW stages, one of which has a Chromalox (Model CIPD73-6C) solid 
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Figure A-1. Schematic of combustor test facility. 
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State proportional temperature controller. Air preheated to a 
maximum of 812°K at the heater exit can be maintained. Due to 
unavoidable heat losses in the lines, this corresponds to a maxi- 
mum test section inlet temperature of 650°K at the flow rates of 
interest in the present investigation. 

The propane fuel used is Matheson Co. commercial grade supplied 
from pressurized tanks. Minimum purity of the propane is 99.0 
mole percent, with a typical analysis as follows: 99.4% propane, 

0.05% ethane, 0.50% isobutane, and 0.05% propylene. 

The main fuel is metered in a Fisher-Porter Stable-Vis 
Rotometer (tube B3A-25, float BSX-33-55) which was calibrated with 
a wet test meter. Pressure and temperature of the fuel is measured 
at the rotometer to enable calculation of the fuel mass flow rate. 

A fast response solenoid shut off valve located in the fuel line 
provides rapid shut off of the fuel. 

The main stream fuel and air are mixed upstream of the combus- 
tor test section in a venturi section designed by Samuel sen^^^^. 

The fuel is injected radially into the airstream at a 22.86 mm 
diameter throat through four nozzles evenly spaced about the 
circumference. The fuel and air mixture then passes down a one 
meter long, 57.15 mm diameter straightening section before enter- 
ing the Vycor test section (described in Section 2.4). The pressure 
and temperature of the main stream are measured just prior to the 
test section inlet through taps in the straightening section walls. The 
fuel and air mixture is ignited by a spark plug (Champion H-14Y) 
located diametrically opposite to the pressure and temperature taps 
at the end of the straightening section. 
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A.3. Jet Fuel and Air 

Propane for the jet injector is tapped off the main propane 
line just downstream of the solenoid valve. . The jet fuel is 
metered in a Natheson ball rotometer (tube 602) which was 
calibrated with a wet test-meter. .Jet air is tapped off the main 
air line upstream of the orifice m^ter, and subsequently metered 
in a Fisher-Porter Stable-Vis rotometer (tube B3A-25, float 

‘ j -.1^1 

BSX-33-55). Both rotometers were individually calibrated prior to 
use with a wet test meter. 

The jet fuel and air are mixed in a 6.35 nro Swedgelok tee 
section approximately 1 .2 m upstream of the jet injector. Tempera- 
ture and pressure of the jet stream are measured just downstream 
of the mixing tee. Because the jet air was tapped off the main 
air line upstream of the air heater, no preheat was provided to the 
jet injected reactants 


APPENDIX B 


Probe Calculations 

B.l Introduction 

In the use of combustion gas sampling probes a major pro- 
blem is to obtain a representative sample of combustion gases. 

As was discussed in Chapter 2 quenching of chemical reactions 
in the sampling probe can best be accomplished through a rapid 
decrease ,in both gas temperature and pressure. The partially 
water cooled probe used in the present investigation utilizes 
expansion of the sample gas to a low pressure through a critical 
flow orifice located at the probe tip to quench reactions in the 
initial uncooled portion of the probe, followed by a water 
cooled section in which an additional degree of quenching is 
obtained through a decrease in the gas temperature. 

In this appendix a simplified theoretical analysis is 
described in which an attempt was made to determine whether 
the partially cooled probe used in this investigation did in- 
deed provide adequate quenching of chemical reactions in the 
sample gases. 

B .2 Probe Analysis 

The dimensions of the probe used in the analysis are 
shown in Figure B-la. Pressure and temperature were measured at 
the probe exit while sampling from the opposed jet reactor operat- 
ing under the conditions of case 3 {(}) = 0.625, = 600° K) . 

The sample gas temperature was found to be approximately 530° K 
at this point. The relatively high back pressure of 35 torr 
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Figure B-1. Pressure and temperature distributions in an 
idealized partially cooled quartz sampling 
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(a result of the long sample line) compared to what would be obtained 
during isentropic expansion indicated that a shock must be pre- 
sent in the probe. Calculations were made using the experimen- 
tally measured pressure, and the required position of the shock 
was found to be 9.4 mm downstream of the probe inlet. The 
resulting pressure profile along the probe is shown in Figure 

B-lb. The pressure drop due to friction downstream of the shock 

-4 

was found to be on the order of 10 torr/cm length and there- 
fore was neglected. Isentropic flow was assumed in that portion 
of the nozzle before the shock. Downstream of the shock heat 
transfer calculations were used to compute the temperature 
profile. In the uncooled portion of the probe a wall tempera- 
ture of 1860° K was assumed. As discussed below this corresponds 
to the flame temperature for the sample case studied. It should 
be noted that this temperature is quite close to the softening 
temperature of quartz which is 1900° K and thus represents an 
upper limit on the probe wall temperature. The resulting sample 
gas temperature profile is shown in Figure B-lc. 

It was necessary to make several simplifying assumptions for 
the numerical calculations. A constant pressure of 35 torr and a 
constant temperature of 1860° K were assumed in the region pro- 
ceeding the shock. Negledting the pressure and temperature drop 
during the expansion proceeding the shock should represent a 
worst case with regard to reactions occurring in the probe. One 
dimensional flow was also assumed, thus radial concentration and 
velocity gradients in the probe were neglected. Possible effects 
of this assumption will be discussed in the next section. 
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To determine probe inlet conditions, sampling was ‘assumed to 

occur from an idealized well stirred reactor operating at inlet 

conditions equivalent to those of case 3 ((|) = -.625, = 600®K, 

5 p 

p = 1.013 X 10 N/m ). It was felt this would provide more 
representative radical concentrations than if equilibrium condi- 
tions were assumed. An operating point for the well stirred 
reactor (m/V) was chosen which gave a flame temperature and NO^ 
concentration approximately equal to those encountered experimentally 
in the ORJ. The sampling conditions are summarized in Table B-1. 
These concentrations were take as the probe inlet conditions. The 
corresponding flame temperature is 1860°K. 

TABLE B-1. Probe Inlet Species Concentrations 


Species Mole Fraction 


o 

ro 

8.4 

X 

10"^ 

CO 

8.5 

X 

10-3 

C 02 

7.3 

X 

io"3 

HgO 

9.3 

X 

io"3 

H 2 

2.3 

X 

io"3 

OH 

6.2 

X 

io"3 

H 

1.7 

X 

CO 

0 

0 

3.9 

X 

10"3 

N 2 

8.2 

X 

10-1 

N 

1.8 

X 

10-® 

NO 

1.05 

X 

10-3 


B.3. Reaction Scheme 

The reaction scheme used for the calculations is shown in 
Table B-2. Due to the uncertainties discussed in Chapter 3 with 
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regard to probe reactions 

between NO and NO 2 attention 

was con- 

fined to the formation of 

total oxides of nitrogen via 

the Zeldovich 

mechanism^^®^. An excellent discussion of possible probe reactions 

involving interconversion 

of NO and NO 2 is presented by Cernansky^^^^ 

TABLE 

B-2. Reaction Scheme 


Reaction 

Forward Rate Constant 

Reference 

1 . OH + H 2 - H + H 2 O 

10^^-^^^exp(-2.59/T) 

72 

2. H + O 2 ^ OH + 0 

lo14.342exp(_8 44 /T) 

72 

3.0+ H 2 O ^ OH + OH 

10^^-®2^exp{.9.24/T) 

72 

4. 0 + H 2 ^ OH + H 

10^°-255T'exp(-4.48/T) 

72 

5. H + H + M^H 2 + M 

^Ql7.806.p-1 

72 

6 . O + O + M-O 2 + M 

10l8‘139T-lexp(0.17/T) 

73 

7. 0 + H M^OH + M 

1o15-86 

73 

8 . H + OH + M - H 2 O + M 

10^®-^®®exp(o.25/T) 

70 

9. H + HO 2 - OH + OH 

14 398 

10‘^*'^^“exp(-0.95/T) 

72 

10. H + O 2 + M - HO 2 + M 

l0^^-^^^exp(0.50/T) 

72 

11. H 2 + O 2 - H + HO 2 

10^^’^^°exp(-29.08/T) 

72 

12. CO + OH - CO 2 + H 

10"-^'^®exp(.0.54/T) 

69 

13. CO + 0 + M - CO 2 + M 

10^^-°°exp(-1.26/T) 

69 

14. CO 2 + 0 - CO + O 2 

10l3.279exp(_27_24/T) 

69 

15. N + NO - N 2 + 0 

^q13.204 

69 

16. N + O 2 - 0 + NO 

lo9.806T.exp(-3.i5_T) 

69 


*Units - k: (cm\o1e~^ )'^"^sec"^ where n is reaction order; 

Because of uncertainties associated with a reaction mechanism for 
propane under these conditions no attempt was made to include 
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propane in the calculations. Wall reactions were also neglected. 

The kinetic calculations were carried out using the 
Generalized Kinetic Analysis Program developed by Nickerson and 
Frey*^^^^. 

B.4. Results 

The results are shown in Figure B-2. It can be seen that 
quenching is adequate for all major species of interest. As 
expected obtaining representative concentrations of the radical 
species 0, OH and H is not feasible with the present probe due to 
inadequate quenching. 

It was mentioned in the previous section that one dimensional 
flow was assumed in the probe. The primary effect of a parabolic 
velocity distribution is a longer residence time for that part 
of the flow nearest the wall. In an effort to determine the 
effect of this assumption on the results, the above calculations 
were repeated with the residence time in the uncooled section of 
the probe being increased by a factor of 2. No change was found 
in the results. 
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Figure B-2. Predicted axial concentration distributions 
for idealized partially cooled quartz 
sampling probe. 



APPENDIX C 


Chemi 1 umi nescent Detector Interference 
C.l . Introduction 

concentrations were measured in the combustor using a 
cheirii luminescent nitric oxide detector. It has been pointed out 
by several investigators that under certain conditions the pre- 
sence of HgO and CO2 can have a significant effect on the measured 
levels of NO. Both of these gases occur in the present system in 
sufficient quantities to warrant consideration. 

C. 2 .; Third Body Efficiency Effect 

The reactions of importance in the chemiluminescent detector 

«[ 20 ] 
are*- •* 


NO O3 ^ NO2* O2 

(C- 1 ) 

NO -i- O3 ^ NO2 + O2 

(C- 2 ) 

NO2* NO2 + hv 

(C -31 

NO2* M ^ NO2 M 

(C- 4 ) 


Interference by H2O and CO2 is due to the different third body 

efficiencies of these molecules associated with the NO2* quenching 

r23l 

reaction C- 4 . CO2 has been found by Clough and Thrush*- -* to have 
an efficiency of 2.2 in this reaction. Although no quenching 
efficiencies could be found for H2O, a quenching efficiency of 
approximately 3 times that of CO2 was estimated by Allen, et al 
These values compare with a quenching efficiency of 1.0 for O2 and 
N2- 

"It can be shown that the intensity of chemiluminescence from 
the above system of reactions is given by the expression 


K3 K^[N0][03] 

K^LMJ 


(C- 5 ) 
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For gases with differing third body efficiencies, [M] can be re- 
placed by 

[M] = ^ I’^i’^i (C-6) 

where and are the mole fraction and quenching efficiency, 
respectively of the i th species. Thus for a system containing 
gases of different third body efficiencies the fractional reduc- 
tion in intensity due to the presence of these gases can be 
calculated from 


',=1 ■ ■ 


I^_1 is the measured intensity from a system in which all third 
body efficiencies are 1.0. 


C.3. Interference Correction Factors 


While Equation C-7 allows one to calculate the effect of H2O 
and CO2 on measured concentrations of NO^, a more straight forward 
approach was used in which the chemiluminescent detector was 
calibrated with gas mixtures containing known quantities of N2, NO, 
H2O, and C02* The concentration of NO was maintained constant 
while N2 was replaced by H2O and CO2 in concentrations typical of 
those found in the present investigation. Pressure in the detec- 
tor reaction chamber was 2.7 torr in all cases. The fractional 
decrease in measured NO concentrations as a function of H2O and 
CO2 mole fraction is shown in Figure B-1. 

[241 

These results are similar to those of Allen, et al*- , who 
found a 1.5% reduction in detector signal per 10% CO2 addition at 
an organized oxygen to sample flow rate ratio of 6, up to a 7% 
reduction per 10% CO2 for a ratio of 0.5. Figure C-1 shows 




FRACTIONAL REDUCTION IN NO 



Figure C-1. The effect of H 2 O and CO 2 interference on NO measurements 

in a chemiluminescent detector; x - 10 ppm NO; A - 20 ppm NO. 
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TABLE D-1 MASS SPECTROMETER, CO, AND TEMPERATURE DATA 


DATA FOR CASE I TEf'Ps 300.0 EQIV = .6250 VEL^a 7.240 


Z ( l ) 

RlJi 

NOX 

NO 

Z ( l ) 

R ( J ) 

NCX 

NO 

0 • 

26.80 

.06 

0 . 

63.5 

5.84 

2.44 

0 . 

0 . 

24.26 

.22 

0 . 

63.5 

3.94 

2.50 

0 . 

0 . 

21.72 

.53 

0 . 

63.5 

1.40 

-.00 

-.00 

J. 

19.18 

.87 

0 . 

76.2 

26.80 

-.00 

-.00 

0 . 

16.84 

1.25 

0 . 

76.2 

24.26 

- 0 . 

- c • 

u . 

14 . 10 

1.91 

0 . 

76.2 

21. 72 

.04 

0 . 

0 . 

13.46 

1.81 

.06 

76.2 

19.18 

.25 

0 . 

0 . 

11.56 

2.13 

- 0 . 

76.2 

16 . E 4 

• 63 

0 . 

0 . 

10.92 

2.21 

• 06 

76.2 

14.10 

1.25 

0 • 

it . 

8.38 

2.68 

.06 

76.2 

13.46 

1.31 

0 . 

0 . 

5.84 

2.38 

.06 

76.2 

11.56 

1.76 

-a. 

y . 

3.94 

2.44 

.06 

76.2 

10.92 

1.80 

0 . 

y. 

1.40 

“.00 

“.00 

76.2 

8.38 

2.19 

.06 

25 . 

26.80 

0 . 

0 . 

76.2 

5.84 

2.50 

.06 

25.4 

24.26 

.10 

0 . 

7 b . 2 

3.94 

2.88 

0 . 

25.4 

21 . 12 

.35 

3 . 

76.2 

1.40 

- 0 . 

- 0 . 

25.4 

19.18 

.69 

0 . 

88 . 9 

26.80 

-.00 

-.00 

25.4 

16.64 

1.19 

0 . ’ 

88.9 

24.26 

-.00 

-.00 

25.4 

14.10 

1.47 

0 . 

88.9 

21.72 

“ • 0 0 

-.00 

25.4 

13.46 

1.56 

.06 

88.9 

19.18 

.17 

Q . 

25.4 

11.56 

1.57 

- 0 . 

88.9 

16.64 

• 5 0 

0 . 

25.4 

10.92 

2.06 

.06 

88.9 

14.10 

1.06 

0 . 

25.4 

8.38 

2.52 

• 06 

88.9 

13.46 

1.25 

0 . 

25.4 

5.64 

2.50 

.06 

88.9 

11.56 

i . 73 

- 0 . 

25.4 

3.94 

2.25 

.06 

88.9 

10.92 

1.81 

0 . 

25.4 

1.40 

“.00 

“.00 

88.9 

3.38 

2.50 

0 . 

50.6 

26.60 

“0 . 

- 0 . 

88.9 

5.84 

2.81 

.04 

. 6 

24.26 

0 . 

0 . 

68.9 

3.94 

2.80 

.06 

50.6 

21.72 

. 19 

c. 

86.9 

1.40 

2.25 

.25 

50.8 

19.18 

. 44 

0 . 

101 . 6 

26 . 80 

-.00 

-.00 

50.8 

16.84 

.94 

0 . 

lui .6 

24.26 

-.00 

-.00 

50.8 

14.10 

1.45 

0 . 

lUi . 6 

21. 72 

-.00 

-.00 

50.8 

13.46 

1.56 

0 . 

lUl .6 

19.18 

.13 

0 . . 

50.8 

11.56 

1.92 

- J . 

101. 6 

16.64 

.47 

0 . 

50.8 

10.92 

2.09 

0 . 

101.6 

14.10 

1.00 

0 . 

50.8 

8.38 

2.31 

0 . 

101.6 

13.46 

1.30 

.04 

50.8 

5.84 

2.44 

0 . 

lO 1 • 6 

11.56 

1.91 

- 0 . 

So . 8 

3.94 

2.50 

0 . 

101.6 

10.92 

2 . 10 

.04 

50 . 8 

1.40 

-.00 

“.00 

101 . 6 

8.33 

2.52 

0 . 

b 3.5 

26.80 

“.00 

-.00 

101.6 

5.64 

2.75 

.06 

63.5 

24.26 

“ 0 . 

“ 0 . 

101.6 

3.94 

2.88 

.15 

63.5 

21.72 

.13 

Q. 

xO 1 • 6 

1.40 

2.36 

.10 

63 . 5 

19.18 

.38 

u . 

114 . 3 

26.80 

-.00 

-.0 0 

63.5 

16.84 

. 75 

0 . 

114 . 3 

24.26 

-.00 

-.00 

63.5 

14 . lu 

1.25 

3 . 

114 . 3 

21 . 72 

- 0 . 

- C . 

63.5 

13.46 

“ 0 . 

“ 0 . 

114 . 3 

19.18 

- 0 . 

- 0 • 

63.5 

11.56 

1.85 

- 0 . 

ll 4.3 

16.64 

.40 

0 . 

63.5 

10.92 

1.69 

0 . 

114.3 

i 4 .;ia 

1.13 

u • 

63.5 

8.38 

2.38 

0 . 

114 . 3 

13^46 

1 . 4 h 

0 . 
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TABLE D-1 (Continued) 


Z ( I ) 

RU ) 

NOX 

NO 


11.56 

2.10 

* 0 . 

114.3 

10.92 

2.38 

0 . 

114.3 

8.38 

2.75 

0 . 

114 . 3 

5.84 

2.88 

.25 

114.3 

3.94 

3.00 

.50 

114.3 

1.40 

2.69 

.20 

127. ii 

26.80 

*.00 

-.00 

127.0 

24.26 

-.00 

*.co 

127. C 

21.72 

- 0 . 

* 0 . 

127. C 

19.18 

0 . 

0 . 

127.0 

16.64 

.13 

0 . 

127.0 

14.10 

.69 

0 . 

127.0 

13.46 

1.23 

0 . 

127.0 

11.56 

2.08 

* 0 . 

127.0 

10.92 

2.31 

0 . 

127.0 

8.38 

3.04 

0 . 

127.0 

5.84 

3 . 04 

• 31 

127.0 

3.94 

3.04 

.90 

127.0 

1.40 

3.19 

.19 

133.3 

26.80 

*.00 

-.00 

133.3 

24.26 

*.00 

-.00 

133.3 

21.72 

*.00 

*.00 

133.3 

19.18 

*.00 

*.00 

133.3 

16 . 84 

. 03 

0 . 

133.3 

14.10 

.31 

0 . 

133.3 

13.46 

.75 

0 . 

133.3 

11.56 

1.60 

* 0 . 

133.3 

10.92 

1.75 

0 . 

l3 . 3 

8.38 

2.44 

0 . 

133.3 

5.84 

2.75 

0 . 

133.3 

3.94 

3.06 

.60 

133.3 

1.40 

2.94 

• 10 

139.7 

26 . 80 

* . C 0 

-.00 

139.7 

24.26 

-.00 

-.00 

139.7 

21.72 

*.00 

-.00 

139.7 

19.18 

*.00 

-.00 

139.7 

16.64 

- 0 . 

- 0 . 

139.7 

14.10 

-.00 

-.00 

139 . 7 

13.46 

.25 

0 . 

139.7 

11.56 

.70 

* 0 . 

139.7 

10.92 

.81 

0 . 

139.7 

8.38 

1.63 

0 . 

139.7 

5.84 

2.19 

0 . 

139.7 

3.94 

2.69 

0 . 

139.7 

1.40 

2.88 

0 . 

146 . 4 

26 . 80 

*.00 

*.00 

146.0 

24.26 

*.00 

-.00 

146 . 0 

21.72 

*.00 

*.00 

146.0 

19.18 

— .00 

*.00 


Z ( I ) 

R ( J ) 

NCX 

NO 

146.0 

16.64 

-.00 

-.00 

146.0 

14.10 

*.00 

-.00 

146.0 

13.46 

-.00 

-.00 

146.0 

11.56 

*.00 

-.00 

146 . 0 

10.92 

-.00 

-.00 

146.0 

8.38 

.13 

0 . 

146.0 

5.84 

.38 

0 . 

146.0 

3.94 

.74 

0 . 

146.0 

1.40 

• 90 

0 . 

152.4 

2&.60 

*.00 

-.00 

152.4 

24.26 

*.00 

-.00 

152.4 

21.72 

*.00 

-.00 

152.4 

19.18 

*.00 

-.00 

152.4 

16.64 

*.00 

-.00 

152.4 

14.10 

*.00 

-.00 

152.4 

13.46 

-. 0 £ 

*.00 

152.4 

11.56 

*.00 

-.00 

152.4 

10.92 

-.00 

-.00 

152.4 

8.38 

- 0 . 

* 0 . 

152.4 

5.84 

0 . 

0 . 

152.4 

3.94 

- 0 . 

* 0 . 

152.4 

1.00 

0 . 

0 . 
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TABLE D-1 (Continued) 


DATA FOii CASE 2 

TEtP* 450 

.0 EQIV= .6250 VEL= 

7.240 

Z(I) 

R(J) 

KOX 

NO 

Z<II 

R{J) 

NOX 

NO 

0. 

26.80 

1.31 

0. 

78.2 

lA.lO 

3.25 

.19 

&• 

2A.26 

1.81 

0. 

76.2 

11.56 

4.31 

0. 

Q. 

21.72 

2.55 

0. 

78.2 

9.02 

5.00 

• 13 

0. 

19.18 

3.31 

0. 

76.2 

8.48 

5.50 

• Z2 

0 • 

18. 6A 

4.00 

.13 

76.2 

3.94 

6.00 

• 13 

0. 

lA.lO 

4.69 

.13 

76.2 

1.40 

-.00 

-.00 

«)• 

11.58 

5.75 

.81 

88.9 

26.60 

-.00 

-.00 

ti. 

9.02 

6.44 

1.C8 

88.9 

24.26 

-.00 

-.00 

a. 

6.48 

8.58 

1.4A 

88.9 

21.72 

.69 

0. 

0. 

3.94 

6.31 

3.25 

88.9 

19.18 

1.25 

0. 

0 ■ 

1.40 

-.00 

-.00 

88.9 

16.64 

2.31 

0. 

25. A 

26.80 

-.00 

-.00 

88.9 

14.10 

3.31 

.15 

25. A 

2A.26 

1.25 

0. 

88.9 

11.58 

4.50 

.03 

25. A 

21.72 

2.00 

0. 

88.9 

9.02 

4.88 

• 06 

25. A 

19.18 

3.00 

.13 

88.9 

6.48 

5.81 

.25 

25. A 

18.64 

3.58 

.13 

88.9 

3.94 

5.44 

• 06 

25. A 

14.10 

4.25 

.13 

88.9 

1.4G 

4.38 

.06 

25. A 

11.56 

5.38 

.19 

101.8 

28.80 

-.0 0 

-.00 

25. A 

9.02 

8.19 

.40 

101.6 

24.26 

-.00 

-.00 

25. A 

6.48 

6.44 

.80 

101.6 

21.72 

.56 

0. 

25. A 

3.94 

5.97 

2.65 

101.6 

19.18 

1. 19 ■ 

0. 

25. 

l.AO 

-.00 

-.00 

lOi. b 

16.64 

2.25 

Q. 

50. 0 

28. 80 

- . 0 J 

-.00 

101.6 

14.10 

3.44 

.06 

50.8 

24.28 

.81 

0. 

101. 6 

11. 56 

4.65 

.06 

50.8 

21.72 

1.44 

0. 

101.6 

9.02 

5.25 

• 13 

50.8 

19.18 

2.38 

.06 

101. 6 

8.48 

5.38 

.19 

50.8 

18.64 

3.13 

.19 

101.6 

3.94 

4.88 

.03 

50.8 

14.10 

4.06 

.19 

101.6 

1.40 

4.00 

0. 

50.8 

11. 56 

5.30 

.13 

114.3 

26.80 

— . 0 u 

-.00 

50. 8 

9.02 

5.40 

.31 

114. 3 

24.26 

— .00 

-.00 

50.8 

8.48 

5.81 

.50 

114. 3 

21.72 

.44 

0. 

50.8 

3.94 

6.00 

2.0 0 

114. 3 

19.1*8 

1 . 0 u 

0. 

50.8 

1.40 

-.00 

-.00 

114.3 

16.64 

2.00 

0. 

83.5 

28.80 

-.00 

-.00 

114.3 

14.10 

3.50 

0. 

83.5 

24.28 

-.00 

-.00 

114.3 

11.56 

4.56 

0. 

83. 5 

21.72 

1.13 

0. 

114.3 

9.02 

5.13 

.15 

83.5 

19.18 

1.94 

.06 

114.3 

6.48 

5.70 

.25 

83.5 

16.64 

2.50 

.13 

114.3 

3.94 

5.19 

.06 

83.5 

14.10 

3.58 

.19 

114.3 

1.40 

4.81 

• 06 

63.5 

11.58 

4.81 

.06 

127. 0 

26.80 

00 

-.00 

83.5 

9.02 

5.20 

.15 

127.0 

2 4. 26 

-.00 

-.00 

83.5 

6.48 

6.25 

.50 

127.0 

21. 72 

.25 

0. 

83.5 

3.94 

5.81 

.80 

127.0 

19.18 

.69 

0. 

83.5 

1.40 

-.00 

-.00 

l2 7 . j 

16.64 

1.50 

0. 

78.2 

28.80 

-. Ou 

-.00 

127.0 

14.10 

3. 13 

0. 

76.2 

24.26 

-.00 

-.00 

127.0 

11.56 

4.53 

.10 

76.2 

21.72 

.90 

0. 

127.0 

9. 02 

5.38 

.22 

78.2 

19.18 

1.75 

a. 

127.0 

6.48 

5.81 

.27 

78.2 

18.84 

2.38 

0. 

127.0 

3.94 

5.38 

.19 
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TABLE D-1 (Continued) 


Z(ll 

R ( J ) 

127.0 

1.40 

139.7 

26 . ao 

139.7 

24.26 

139.7 

21.72 

139.7 

19.18 

139.7 

16.64 

139.7 

14.10 

139.7 

11.66 

139.7 

9.02 

139.7 

6.48 

139.7 

3.94 

139.7 

1 . 4 C 

146.0 

26.60 

146.0 

24.26 

146.0 

21.72 

146.0 

19.18 

146.0 

16 * 64 

146 . 0 

14.10 

146.0 

11.56 

146.0 

9.02 

146.0 

6.48 

146.0 

3.54 

146.0 

1.40 

152 . 4 

26.60 

152.4 

24.26 

152.4 

21.72 

152.4 

19.18 

152.4 

16.64 

152.4 

10.10 

152.4 

11.56 

152.4 

9.02 

152.4 

6.48 

152.4 

3 . C .4 

152.4 

1.40 


NOX 

NO 

5.00 

.10 

-.00 

-.00 

-.00 

-.00 

-. 0 £ 

-.00 

• 15 

0 . 

• 56 

0 . 

1.75 

0 . 

3.56 

.04 

4 . 81 

.31 

5.50 

• 19 

5.28 

• 25 

4.44 

• 13 

-.00 

-.00 

-.00 

-.00 

-.00 

-.00 

-.00 

-.00 

.19 

0 . 

.50 

0 . 

-. 00 

-.00 

2.81 

• 0 3 

3.75 

.03 

4.22 

.03 

3.75 

• 25 

-. CO 

-.00 

-.00 

-.00 

-.00 

-.0 0 

-.00 

-.00 

0 . 

0 . 

.19 

0 . 

.26 

0 . 

.52 

0 . 

1 . 06 

0 . 

1.63 

.06 

2.00 

.38 
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TABLE D-1 (Continued) 


DATA FOS CASE 3 T £ MP = 600.0 EQI »/= .6250 VEL = 25 . AC0 


Z ( I ) 

R ( J ) 

NOX 

NO 

2 ( 1 ) 

R ( J ) 

NCX 

NO 

0 . 

26.60 

6.00 

.25 

76.2 

14.10 

7.37 

2.82 

c. 

24.26 

6.00 

.13 

76.2 

12.19 

9.13 

4.38 

0 • 

21.72 

7.00 

l.CO 

76.2 

9.65 

10 . 13 

4.63 

0 . 

19.18 

7.65 

1.13 

76.2 

7.11 

10. Cu 

5.13 

0 . 

16.64 

6.30 

1.63 

76.2 

4.57 

10.30 

5.88 

0 . 

14.10 

9.00 

2.38 

76.2 

3.30 

10.00 

6.13 

0 . 

12.19 

10.73 

3.80 

88.9 

26.80 

-.00 

-.00 

Cl • 

9.63 

11.25 

4.88 

88.9 

24.26 

1.03 

.25 

0 . 

7.11 

12.25 

6.25 

88.9 

21.72 

2.31 

1.23 

J « 

4.57 

12.50 

6.88 

88.9 

19.18 

3.21 

.51 

0 . 

3.30 

11.75 

7.38 

88.9 

16 . 64 

4.87 

1.41 

25.4 

26.60 

4.75 

.38 

88.9 

14.10 

6.<»1 

2.31 

25.4 

24.26 

4.80 

.80 

88.9 

12.19 

7.75 

1.13 

25.4 

21 . 72 

5.63 

1.13 

88.9 

9.6 5 

9 . 75 

4.00 

25.4 

19.18 

7.50 

1.63 

88.9 

7.11 

10,25 

4.50 

25.4 

16.64 

8.38 

2. CO 

88.9 

4.57 

10.13 

4.88 

25.4 

14.10 

9.25 

2.63 

88.9 

3.30 

9.88 

4.00 

25.4 

12.19 

11.00 

4.75 

101.6 

26.80 

- . 0 C 

-.00 

25.4 

9.65 

11.75 

5.50 

1C 1 . 6 

2 4.26 

.58 

.12 

25.4 

7.11 

11.38 

5.88 

101.6 

21 . 72 

1.41 

.45 

25.4 

4.57 

12.38 

6.63 

101.6 

19.18 

2.69 

1.08 

25.4 

3.30 

-.00 

-.00 

101.6 

16.64 

4.10 

.51 

30.6 

26. 60 

- 0 . 

- 0 . 

101. 6 

14.10 

5.51 

.51 

50.8 

24.26 

3 . 00 

0 . 

101.6 

12.19 

7.25 

.50 

5U.6 

21.72 

4.63 

1.38 

101.6 

9.65 

9 . 13 

2.88 

50.8 

19.18 

5 . 75 

1.88 

101.6 

7.11 

9,50 

4.20 

30.8 

16.64 

6.63 

2.50 

101. 6 

4.57 

9,63 

3.50 

50 . 8 

14.10 

8.25 

3.38 

101. 6 

3.30 

9.38 

2.75 

30.8 

12.19 

10.38 

4.50 

114.3 

26.80 

-.00 

-.00 

50.8 

9.65 

11.25 

6.00 

114 . 3 

2 4.26 

-.00 

-.00 

50.8 

7.11 

11.38 

6.63 

114.3 

21.72 

.90 

.13 

50.8 

4.57 

11.38 

6.25 

114 . 3 

19.18 

2 . 18 

.51 

50. 8 

3.30 

-.00 

-.00 

114 . 3 

16.64 

3.33 

.77 

63.5 

26.60 

-. 00 

-.00 

114 . 3 

14.10 

5.13 

.39 

63.5 

24.26 

2.44 

1.03 

114.3 

12.19 

6.63 

.13 

63.5 

21.72 

3.08 

.13 

114.3 

9.65 

8.33 

2.00 

63.5 

19.18 

5.50 

1.92 

114.3 

7.11 

9.00 

3.25 

63.5 

16.64 

6.92 

2.56 

114.3 

4.57 

9 . 00 

3.13 

63.5 

14.10 

7.43 

3.08 

114.3 

3.30 

-.00 

-.00 

63.5 

12.19 

10.13 

4.38 

127. 0 

26 . 80 

-. 00 

-.00 

63.5 

9.65 

10.88 

5.25 

127.0 

24.26 

-. 00 

-.00 

63.5 

7.11 

10.63 

5.75 

127.0 

21.72 

- 0 . 

- 0 . 

63.5 

4.57 

10.88 

6.13 

127.0 

19.18 

1.43 

.26 

63.5 

3.30 

-.00 

-.00 

127 . C 

16.64 

3.11 

.78 

76.2 

26.60 

-.00 

-.00 

127.0 

14.10 

- 0 . 

- 0 . 

76.2 

24.26 

2.31 

1.54 

127 . Q 

12.19 

5.50 

0 . 

76.2 

21.72 

2.69 

.77 

127.0 

9.65 

8.00 

.88 

76.2 

19.18 

4.23 

1.15 

127.0 

7.11 

9.38 

3.25 

76.2 

16.64 

6.54 

2.44 

127 . C 

4.57 

10.13 

4.25 



I 


- 169 - 


TABLE D-1 (Continued) 


Z ( l > R ( J ) 

127.0 3.30 

139.7 26.80 

139.7 24.26 

139.7 21.72 

139.7 19.16 

139.7 16.64 

139.7 14.10 

139.7 12.19 

139.7 9.69 

139.7 7.11 

139.7 4.57 

139.7 3.30 

146.0 26.80 

146.0 24.26 

146.0 21.72 

146 . C , 19.18 

146.0 16.64 

146.0 14.10 

146.0 12.19 

146.0 9.65 

146.0 7.11 

146.0 4.57 

146.0 3.30 

152.4 26.80 

152.4 24.26 

152.4 21.72 

152.4 19.18 

152.4 16.64 

152.4 14.10 

152.4 12.19 

152.4 9.65 

152.4 7.11 

152.4 4.57 

152.4 3.30 


NOX 

NO 

•.00 

•.00 

-.00 

-.00 

•.00 

-.00 

•. 00 

-.00 

0 . 

• 0 . 

0 . 

• 0 . 

0 . 

• 0 . 

3.13 

0 . 

5.63 

0 . 

8.00 

.63 

9.00 

3.00 

•.00 

-.00 

-.00 

-.00 

-.00 

•.00 

•.00 

-.00 

.78 

.13 

1.92 

.52 

0 . 

- 0 . 

•.00 

•.00 

2.25 

0 . 

4.50 

0 . 

6.00 

.38 

•.00 

-.00 

-.00 

•.00 

•.00 

•.00 

-.00 

-.00 

.52 

0 . 

1.23 

.39 

•.OC 

-.00 

.25 

0 . 

.63 

0 . 

1.38 

0 . 

2.25 

.13 

•.00 

-.00 
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TABLE D-1 (Continued) 


DATA FOR CASE 4 TEMP = 600.0 EQIV = .6250 VEL *13.590 


2(1) 

R ( J ) 

NOX 

NO 

Z ( I ) 

R ( J ) 

NOX 

NO 

0. 

24.26 

3.44 

.65 

76.2 

3.94 

9.13 

2.50 

0. 

21.72 

4.75 

.25 

88.9 

24.26 

-.00 

-.00 

0. 

19.18 

-. 00 

-.00 

88.9 

21.72 

.25 

0. 

( j . 

16.84 

-.00 

-.00 

88.9 

19.18 

.88 

.05 

0. 

16.00 

7.75 

.13 

88.9 

16.64 

2.31 

.38 

u . 

13.46 

8.81 

• 90 

88.9 

16.00 

-.00 

-.00 

c . 

10 .92 

10 .12 

1.60 

88.9 

13.46 

3.88 

0. 

c . 

8.38 

10.75 

2.13 

88*9 

10.92 

5.63 

0. 

0. 

5.84 

11.35 

2.75 

88.9 

8.38 

7.50 

.13 

0. 

3.94 

10.25 

4.50 

88.9 

5.84 

8. 88 

2.13 

25.4 

24.26 

1.75 

.13 

88.9 

3.94 

8.25 

2.00 

25.4 

21.72 

2.63 

.54 

101.6 

24.26 

-.00 

-.00 

25.4 

19.18 

5.38 

• 13 

101.6 

21.72 

-.00 

-.00 

25.4 

16.64 

6.38 

1.00 

101.6 

19.18 

.63 

0. 

25.4 

16.00 

-.00 

-.00 

101.6 

16.64 

1.75 

.13 

25.4 

13.46 

8.50 

.35 

101.6 

16.00 

-.00 

-.00 

25. 4 

10.92 

9.25 

1.63 

101.6 

13.46 

3.50 

0. 

25.4 

8.38 

9.63 

2.25 

101.6 

10.92 

5.38 

0. 

25.4 

5.84 

11.00 

3.13 

101.6 

8.38 

6 . 88 

0. 

25.4 

3.94 

10.40 

4.25 

101.6 

5.84 

8.38 

1.50 

50.8 

2<«.26 

.75 

.06 

101.6 

3.94 

8.38 

1.00 

5 C .8 

21.72 

1.40 

.08 

114. 3 

24.26 

-.00 

-.00 

50.8 

19.18 

2.94 

.70 

114.3 

21.72 

- • 00 

-.00 

50.8 

16.64 

4.81 

.25 

114. 3 

19.18 

.31 

0. 

50.8 

16.00 

-.00 

-.00 

114.3 

16.64 

1.12 

0. 

50.8 

13.46 

6.75 

0. 

114.3 

16.00 

-.00 

-.00 

SO. 8 

10.92 

7.75 

.25 

114. 3 

13.46 

2.75 

0. 

50.8 

8.38 

9.13 

2.13 

114.3 

10.92 

5.00 

0. 

50.8 

5.84 

10.13 

3.25 

114.3 

8.38 

6.50 

0. 

50.8 

3.94 

9.63 

2.75 

114.3 

5.84 

7.38 

.75 

63.5 

24.26 

• 31 

0. 

114.3 

3.94 

8.13 

1.50 

63.5 

21.72 

.65 

.06 

127.0 

24.26 

-.00 

-.00 

63.5 

19.18 

1.50 

.19 

127.0 

21.72 

-.00 

-.00 

63.5 

16.64 

3.25 

.69 

127.0 

19.18 

-.00 

-.00 

63.5 

16.00 

-.00 

-.00 

127.0 

16.64 

-.00 

-.00 

63.5 

13.46 

5. 88 

0. 

127.1 

16.00 

- • 00 

-.00 

63.5 

10.92 

7.50 

0. 

127. 0 

13.46 

.75 

0. 

63.5 

8.38 

8.20 

1.25 

127 . C 

10.92 

1.80 

0. 

63.5 

5.84 

8.75 

1.63 

127.0 

8.38 

4.00 

0. 

63.5 

3.94 

9.13 

1.50 

127 .Q 

5.84 

5.50 

0. 

76.2 

24.26 

-.00 

-.00 

127.0 

3.94 

6.38 

0. 

76.2 

21.72 

.50 

.03 

133.3 

24.26 

-.00 

-.00 

76.2 

19,18 

1.25 

.13 

133.3 

21.72 

-.00 

-.00 

76.2 

16.64 

2.19 

.38 

133.3 

19.18 

-.00 

-.00 

76.2 

16.00 

-.00 

-.00 

133.3 

16.64 

-.00 

-.00 

76.2 

13.46 

4.88 

0. 

133.3 

16.00 

-.00 

-.00 

76.2 

10.92 

6.75 

0. 

133.3 

13.46 

-.00 

-.00 

76.2 

8.38 

7.75 

.50 

133.3 

10.92 

• 3 8 

0. 

76.2 

5.84 

8.50 

1.63 

133.3 

8.38 

.88 

0. 
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TABLE D-1 (Continued) 


Z(I) 

R ( J) 

lii,i 

5.64 


3.^4 

139. 7 

2^4,26 

139.7 

Z1.72 

139. 1 

19.1tt 

139. / 

lb. 64 

139.7 

16.00 

139. 7 

13.46 

139.7 

13 .92 

139.7 

d.33 

139. 7 

5.84 

139. 7 

3.94 


NOX 

NO 

1.75 

0. 

2.63 

0 • 

“ . u 0 

-.00 

-.00 

-.00 

• . 0 0 

-.CO 

“ . Ou 

-.00 

-.00 

-.CO 

-.00 

-.00 

-.00 

-.00 

-.00 

-.00 

.50 

0 . 

.25 

0. 
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TABLE D-1 (Continued) 


DATA FOF 1 

CASE 5 

TEhPs 600 

.0 ECIVs .5500 VEL = 

7.240 

Z ( l > 

RCJ ) 

NOX 

NO 

2(1) 

R ( J ) 

NOX 

NO 

0. 

26.60 

2.36 

.10 

76.2 

24.26 

.63 

• 06 

0. 

24.26 

2.63 

.22 

76.2 

21. 72 

1.15 

• 20 

0. 

21.72 

3.00 

• 22 

76.2 

19.18 

1.75 

.47 

0. 

19.18 

3.63 

• 15 

76.2 

16.64 

2.35 

.47 

0. 

16.64 

3.88 

.13 

76.2 

14.10 

3.00 

• 19 

0. 

14.10 

-.00 

-.00 

76.2 

13.46 

-.00 

-.00 

&• 

13.46 

4.63 

0. 

76.2 

10.92 

3.94 

0. 

0. 

10.92 

4.94 

.06 

76.2 

8.38 

4.25 

.13 

0« 

8.36 

5.00 

.20 

76.2 

5.84 

4.56 

• 44 

b. 

5.84 

5.50 

• 44 

76.2 

3.94 

4. 81 

.63 

ti • 

3.94 

5.13 

1.75 

76.2 

1.40 

2.88 

0. 

0. 

1.40 

-.00 

-.00 

86.9 

26. 80 

-. 00 

-.00 

25, b 

26.80 

1.88 

• 10 

88.9 

24.26 

.44 

.04 

25, U 

24.26 

2.20 

• 30 

88. 9 

21. 72 

.81 

• 11 

25,U 

21.72 

2.63 

• 44 

88.9 

19.18 

1.44 

.25 

25,b 

19.18 

2.88 

• 25 

88.9 

16.64 

2.06 

.44 

25, k 

16.64 

3.31 

.13 

88.9 

14.10 

2.63 

.25 

25, k 

14.10 

4.06 

• 30 

88.9 

13.46 

2.88 

0. 

25, k 

13.46 

-.00 

-.00 

88.9 

10.92 

3.50 

0. 

25,k 

10.92 

-.00 

-.00 

88.9 

8.38 

4.13 

.31 

25, k 

8.38 

4.94 

.06 

88.9 

5.64 

4.25 

• 56 

25, k 

5.64 

4.94 

.19 

88.9 

3.94 

4.10 

.25 

25, k 

3.94 

5.00 

1.56 

88.9 

1.40 

2.97 

0. 

25, k 

1.40 

-. 00 

-.00 

lil .6 

26.80 

-.00 

-.00 

Su • d 

26.60 

1.25 

• 25 

lul . 6 

24.26 

-.0 0 

-.00 

50. S 

24.26 

1.56 

.44 

101. 6 

21.72 

.63 

.04 

50.6 

21.72 

2.00 

.60 

101.6 

19.18 

1.13 

.07 

50.6 

19.18 

2.38 

.50 

101.6 

16.64 

2.15 

• 31 

50. 6 

16.64 

3.19 

.10 

101. 6 

14.10 

2.70 

.31 

50.6 

14.10 

3.44 

.15 

lOl. 6 

13.46 

2.94 

0. 

5 C . 0 

13.46 

3.69 

0. 

101,6 

10.92 

3.50 

0. 

50.6 

10.92 

4.30 

0. 

101. 6 

8.38 

3.75 

.06 

50.8 

8.38 

4.63 

.06 

101.6 

5.84 

4.38 

.31 

50.6 

5.84 

4. 68 

• 20 

101.6 

3.94 

4.06 

• 10 

50.8 

3.94 

4.75 

1.13 

101.6 

1.40 

3.13 

0. 

50.8 

1.40 

-.00 

-.00 

114.3 

26.80 

-.00 

-.00 

bi,5 

26.60 

-.00 

-.00 

11 4. 3 

24.26 

— .00 

-.00 

63.5 

24.26 

1.13 

.19 

114.3 

21. 72 

.50 

• 04 

63.5 

21.72 

1.63 

• 44 

114. 3 

19.13 

.94 

.06 

63. 5 

19.18 

2.13 

.56 

114. 3 

16.64 

1.69 

.19 

63.5 

16.64 

2.69 

• 31 

114.3 

1 *4 • 1 0 

2.44 

• 30 

t >3. 5 

14.10 

-.00 

^00 

114.3 

13.46 

2.5« 

0. 

63.5 

13.46 

3.19 

c. 

114.3 

10.92 

3.31 

0. 

63.5 

10.92 

3.81 

0. 

114.3 

8.38 

4.06 

.19 

63.5 

8.36 

4.63 

.25 

llH .3 

5.84 

4.44 

• 6 3 

63.5 

5.64 

4.81 

.38 

114.3 

3. 94 

4.19 

.44 

63.5 

3.94 

4.50 

.81 

114. 3 

1.40 

3.63 

.19 

63.5 

1.40 

-.00 

-.0 0 

127 • u 

26. 80 

-.00 

-.00 

7b, '2 

26.60 

-.00 

-.00 

127.0 

24.26 

-.00 

-.00 
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TABLE D-1 (Continued) 


Z (I) 

RiJ ) 

127.0 

21.72 

127.0 

19.18 

127.0 

16.64 

127.0 

14.10 

127 . 0 

13.46 

127.0 

10.92 

127.0 

8.38 

127.0 

5.64 

127.0 

3.94 

127.0 

1.40 

139.7 

26.60 

139.7 

24.26 

139 . 7 

21.72 

139.7 

19.18 

139.7 

16.64 

139 . 7 

14.10 

139 . 7 

13 .<<6 

139 . 7 

10.92 

139.7 

8.38 

139.7 

5.64 

139.7 

3.94 

139.7 

1.40 

m&.o 

26.60 

146.0 

24.26 

146.0 

21.72 

14 b . 0 

19.18 

14 b . 0 

lb. 64 

146.0 

14.10 

146 . 0 

13.46 

146. 0 

10.92 

14 b . 0 

8.38 

146.0 

5.64 

146 . C 

3.94 

14 d . 0 

1.40 

152.4 

26.60 

152.4 

24.26 

152.4 

21.72 

152.4 

19.18 

152.4 

16.64 

152.4 

14.10 

152 . 

13.46 

152 . 4 

10.92 

152.4 

8.38 

152.4 

5.84 

152 . 

3.94 

152.4 

1.40 


NCX NO 

.35 3. 

.69 .62 

1 . 3 tf .10 

2 . Si .30 

2.19 3 . 

3 . 3 d 3. 

4 . 3 b .15 

4.00 .50 

3.94 .50 

3 . 5 b .40 

-.00 >.00 

-.00 >.00 

.19 0 . 

.30 0 . 

.60 .05 

1.69 .20 

1.75 0 . 

2.75 0 . 

3.38 0 . 

3.56 .19 

4.00 .44 

4.06 .50 

-.00 -.00 

-.00 -.00 

.13 0 . 

.19 0 . 

. ^4 0 . 

1.06 .13 

— .00 — .00 

1 . 5 b 0 . 

2.68 0 . 

3.13 0 . 

3.25 0 . 

3.63 .10 

-.00 -.00 

-.00 -.00 

— .00 — .00 

-.00 -.00 

.19 0 . 

. 55 .06 

-.00 -.00 

.63 0 . 

1.06 0 . 
1.69 3 . 

2.38 0 . 

2.56 


31 
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TABLE D-1 (Continued) 


DATA FOR CASE 6 TEr'Ps 600.0 EQ 1 V = .0450 VEL - 25.400 


Z ( I ) 

R ( J > 

NOX 

NO 

Z ( I ) 

R ( J ) 

NCX 

NO 

a . 

26.60 

.31 

0 . 

63.5 

3.30 

-.00 

-.00 

0 . 

24.26 

• 44 

0 . 

63.5 

2.03 

-.00 

-.00 

u . 

21.72 

.56 

0 . 

63.5 

1.40 

-.00 

-.00 

0 . 

19.16 

.69 

0 . 

76.2 

26.60 

-.00 

-«00 

3 . 

16.64 

.61 

0 . 

76.2 

24.26 

.19 

0 . 

g . 

14.10 

1.00 

0 . 

76.2 

21.72 

.25 

0 . 

0 . 

11.56 

1.13 

0 . 

76.2 

19.16 

.41 

0 . 

g • 

10.92 

-.00 

-.00 

76.2 

16.64 

.56 

0 . 

0 . 

6.36 

1.27 

0 . 

76.2 

14.10 

.69 

0 . 

0 . 

5.64 

1.25 

0 . 

76.2 

11.56 

- 0 . 

- fl . 

0 . 

3.30 

1.15 

0 . 

76.2 

10.92 

• 66 

0 . 

u . 

2.03 

-.00 

-.00 

76.2 

6.38 

.96 

0 . 

g . 

1.40 

-• 00 

-.00 

76.2 

5.64 

1.00 

0 . 

25.4 

26.60 

.19 

0 . 

76.2 

3.30 

1.04 

0 . 

25.4 

24.26 

.31 

0 . 

76.2 

2.03 

-.00 

-.00 

25.4 

21. 72 

• 44 

0 . 

76.2 

1.40 

-.00 

-.00 

25.4 

19.16 

.63 

0 . 

66.9 

26.60 

-.00 

-.00 

25.4 

16.64 

.60 

0 . 

66.9 

24.26 

.13 

0 . 

25.4 

14.10 

.66 

0 . 

86.9 

21.72 

.19 

0 . 

25.4 

11 . 56 

- 0 . 

- 0 . 

66.9 

19.18 

• 36 

0 . 

25.4 

10.92 

• 94 

0 . 

66 . 9 

16. 64 

.53 

0 . 

25.4 

6.36 

1.06 

0 . 

86.9 

14.10 

.69 

0 . 

25.4 

5.64 

1.13 

0 . 

66.9 

11. 56 

.61 

0 . 

25.4 

3.30 

-.00 

-.00 

66.9 

10 .92 

.80 

0 . 

25.4 

2.03 

-.00 

-.00 

86.9 

6.36 

.94 

0 . 

25.4 

1.40 

— • 0 3 

-.00 

86.9 

5.64 

1.05 

0 . 

5 u . 8 

26 . 60 

-.00 

-.00 

66.9 

3.30 

1 . 00 

.06 

50.6 

24.26 

.26 

0 . 

86.9 

2.03 

.94 

.25 

5 Q .6 

21 . 72 

.35 

0 . 

66.9 

1.40 

.68 

.15 

50.6 

19.18 

.50 

G . 

101.6 

26.60 

-.00 

-.00 

50.6 

16.64 

.65 

0 . 

101.6 

24.26 

-.00 

-.00 

50 .6 

14.10 

-0 . 

- 0 . 

101.6 

21.72 

• 19 

0 . 

50.6 

11.56 

- 0 . 

- 0 . 

101.6 

19.18 

.31 

0 . 

50.6 

10.92 

.81 

0 . 

101.6 

16.64 

.47 

0 . 

50.6 

8.38 

.91 

0 . 

101.6 

14.10 

.69 

0 . 

50.6 

5 . 6 h 

1.06 

0 . 

lul . 6 

11.56 

.65 

0 . 

50.6 

3.30 

-.00 

-.00 

101.6 

10.92 

.86 

• 05 

50.6 

2.03 

-.00 

-.00 

101.6 

6.36 

l.CO 

.05 

50.6 

1.40 

-.00 

-.00 

101 . 6 

5.64 

1.05 

• 06 

63.5 

26.60 

-.00 

-.00 

101.6 

3.30 

1.05 

.10 

63.5 

24.26 

• 19 

0 . 

101.6 

2.03 

.97 

.20 

63 . 5 

21.72 

.31 

0 . 

101 . 6 

1.43 

. 94 

.20 

63.5 

19.18 

.47 

0 . 

114 . 3 

26.60 

-.00 

-.00 

63 . 5 

16.64 

• 6 3 

0 . 

114.3 

24.26 

-.00 

-.00 

63.5 

14.10 

- 0 . 

- 0 . 

114 . 3 

21.72 

.13 

0 . 

63.5 

11.56 

.66 

0 . 

114 . 3 

19.18 

.25 

0 . 

63.5 

10 .92 

-.00 

-.00 

114 . 3 

16.64 

.47 

0 . 

63.5 

8.36 

. 92 

0 . 

114 . 3 

14.10 

.69 

0 . 

63.5 

5.64 

.94 

0 . 

114 . 3 

11.56 

.66 

0 . 
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TABLE D-1 (Continued) 


Z(I) R(JI 
10.9a 
8.36 

114.3 5.84 

11h*3 3.30 

114.3 a.u3 
114.3 1.40 


NOX NO 

.9h -0. 

1.04 .07 

1.0b .06 

.95 .06 

.94 .15 

.94 .15 


II 
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TABLE D- 2 NO^ AND NO DATA 


DATA FOP , CASE 1 TEMO= 3OO.O EOIV = .6250 VFL = 7 . 2<»0 


z<n 

PUI 

H 20 

02 

C 02 

C 3 H 8 

N 2 

CO 

TEMP 

0. 

26.80 

.0161 

.2122 

0. 

•0 282 

.7234 

.0006 

330.0 

0 . 

24.26 

• 0214 

.2165 

.0038 

.0258 

.7174 

.0011 

450.0 

0 . 

21 .72 

.0247 

.1949 

0 . 

.0257 

.744 7 

.0016 

610.0 

0. 

19.18 

.0332 

.1708 

.0101 

.0062 

.7520 

.0022 

790.0 

a. 

16.64 

.0390 

. 1429 

.0170 

.0113 

.773 7 

.0029 

1010.0 

0 . 

14.10 

.0504 

.1278 

.0350 

.0093 

.7776 

.0034 

1175.0 

0 . 

13.46 

.0441 

.1473 

.0279 

.0104 

.7864 

-.0 

- 0 . 

0. 

11.56 

.0570 

. 1098 

.0430 

.0068 

.7834 

.0037 

1290.0 

0 . 

10.92 

.0626 

.0920 

.0370 

.0092 

.7992 

-.0 

- 0 . 

0. 

9.02 

.0719 

.1210 

.0491 

.0105 

.7474 

.0036 

- 0 . 

0 . 

8.38 

• 0686 

. 1022 

.0421 

.0110 

.7752 

-.0 

- 0 . 

0 . 

6.48 

.0747 

.1033 

.0411 

.0119 

.7590 

.0035 

1340.0 

0 . 

5.84 

.0751 

.0951 

.0460 

.0111 

.7827 

-.0 

- 0 . 

0 ^ 

3.94 

.0783 

.1019 

.0641 

.0125 

.7332 

-.0 

- 0 . 

0 . 

1 .40 

-.0010 

-.0010 

-.0010 

-.0010 

-.0010 

-.0010 

-.0 

25 .^ 

26.80 

.0119 

.2103 

• 0037 

.0248 

.7323 

.0001 

- 0 . 

25.4 

24.26 

.0135 

. 1908 

.0023 

.0285 

.7649 

.0007 

360.0 

25.4 

21.72 

.0131 

.1993 

.0034 

.0280 

.7513 

.0011 

475.0 

25.4 

19.18 

.0203 

.1649 

.0065 

.0158 

.7125 

• 0018 

650.0 

25.4 

16.64 

.0362 

. 1405 

• 0248 

.0098 

.7987 

.0026 

850.0 

25.4 

14.10 

.0518 

.1514 

.0344 

.0 074 

.7549 

.0031 

1050.0 

25.4 

13.46 

-.0010 

-.0010 

-.0010 

-.0010 

-.0010 

-.0010 

-.0 

25.4 

11.56 

-.0010 

-.0010 

-.0010 

-.0010 

-.0010 

.0035 

-.0 

25.4 

10.92 

.0669 

.1267 

.0378 

.0122 

.7564 

-.0 

-0. 

25.4 

9.02 

-.0010 

-.0010 

-.0010 

-.0010 

-.0010 

.0036 

1365.0 

25.4 

8.38 

.0711 

.0997 

.0539 

.0170 

.7584 

-.0 

- 0 . 

25.4 

6.48 

-.0010 

-.0010 

-.0010 

-.0010 

-.0010 

.0035 

1375.0 

25.4 

5.84 

.0733 

.1017 

.0511 

.0100 

.7639 

-.0 

- 0 . 

25.4 

3 .94 

.0741 

.0965 

.0608 

.0042 

. 7664 

.0047 

- 0 . 

25.4 

1.40 

-.0010 

-.0010 

-.0010 

-.0010 

-.0010 

-.0010 

-.0 

50.8 

26.80 

.0146 

.2018 

0 . 

.0230 

.7607 

-.0 

- 0 . 

50.8 

24.26 

.0129 

.1929 

.0032 

.0204 

. 7706 

.0003 

300.0 

50.8 

21.72 

.0213 

.1980 

0 . 

.0289 

.7518 

.0008 

400.0 

50.8 

19.18 

.0204 

. 16^9 

• 0021 

.0176 

.7790 

.0015 

560.0 

50.8 

16.64 

.0292 

.1690 

.0050 

.0186 

.7572 

.0024 

775.0 

50.8 

14 . 10 

-.0010 

-.0010 

-.0010 

-.0010 

-.0010 

.0032 

-.0 

50.8 

13.46 

.0583 

.1596 

.0273 

• 0202 

.7345 

-.0 

- 0 . 

50.8 

11.56 

-.0010 

-.0010 

-.0010 

-.0010 

-.0010 

.0037 

1175.0 

50.8 

10.92 

.0772 

.1356 

.0273 

.0185 

.7320 

-.0 

- 0 . 

50.8 

9.02 

-.0010 

-.0010 

-.0010 

-.0010 

-.0010 

.0039 

1320.0 

50.8 

8.38 

. 0.709 

.1130 

.0456 

.0180 

.7745 

-.0 

- 0 . 

50.8 

6.46 

-.0010 

-.0010 

-.0010 

-.0010 

-.0010 

.0037 

1380.0 

50 .8 

5.84 

.0741 

.0978 

.0440 

.0145 

. 7646 

-.0 

- 0 . 

30.8 

3.94 

.0720 

.0956 

.0475 

.0152 

.7697 

.0043 

- 0 . 

50 . 8 

1.40 

-.0010 

-.0010 

-.0010 

-.ono 

-.0010 

-.0010 

-.0 

63.5 

26.80 

-.0010 

-.0010 

-.0010 

-.0010 

-.0010 

-.0010 

-.0 

63.5 

24.26 

• 0168 

.1947 

0 . 

.0264 

.7702 

-.0 

-0. 

63.5 

21.72 

.0210 

.2079 

0 . 

.0210 

. 7401 

.0007 

375.0 

63 .5 

19.18 

.0256 

.1767 

0 . 

.0218 

. 766 0 

.0016 

510.0 
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TABLE D-2 (Continued) 


zm 

RUI 

H 20 

02 

C 02 

C 3 H 8 

N 2 

CG 

T€MP 

63.5 

16.64 

.0334 

.1710 

.0166 

.0177 

.7813 

• 0024 

710.0 

63.5 

14.10 

-.0010 

-.0010 

-.0010 

-.0010 

-.0010 

.0033 

-.0 

63.5 

13.46 

.0442 

.1472 

.0171 

.0193 

.7722 

-.0 

-0. 

63.5 

11.56 

-.0010 

-.0010 

-.0010 

-.0010 

-.0010 

.0039 

1130.0 

63.5 

10.92 

.0714 

.1178 

.0327 

.0156 

.7626 

-.0 

-rO,. 

63.5 

9.02 

-.0010 

-.0010 

-.0310 

-.0010 

-.0010 

.0042 

1280.0 

63.5 

8.38 

.0843 

.1206 

.0432 

.0128 

.7521 

-.0 

- 0 . 

63.5 

6.48 

-.0010 

-.0010 

-.0010 

-.0010 

-.0010 

.0039 

1370.0 

63.5 

5.84 

.0828 

.1056 

.0513 

.0065 

.6957 

-.0 

-0. 

63.5 

3.94 

.0843 

.0991 

.0596 

.0 103 

.7467 

-.0 

-0. 

63.5 

1.40 

-.0010 

-.0010 

-.0010 

-.0010 

-.0010 

-.0010 

-.0 

76.2 

26.80 

-.0010 

-.0010 

-.0010 

-.0010 

-.0010 

-.0010 

-.0 

76.2 

24.26 

.0142 

.2082 

0 . 

. 02 i 0 

.7546 

-.0 

- 0 . 

76.2 

21.72 

.0182 

.2118 

0 . 

.0303 

.7397 

.0006 

340.0 

76.2 

19.18 

•0128 

.2097 

.0001 

.0241 

.7533 

-.0 

450.0 

76.2 

16.64 

.0291 

.1827 

.0073 

.0229 

.6869 

.0022 

625.0 

76.2 

14.10 

-.0010 

-.0010 

-.0010 

-.0010 

-.0010 

.0033 

-.0 

76.2 

13.46 

.0411 

.1516 

.0274 

.0128 

.7670 

-.0 

- 0 . 

76.2 

11.56 

-.0010 

-.0010 

-.0010 

-.0010 

-.0010 

.0040 

1100.0 

76.2 

10.92 

.0606 

.1376 

.0299 

.0161 

.7558 

-.0 

- 0 . 

76.2 

9.02 

-.0010 

-.0010 

-.0010 

-.0010 

-.0010 

.0044 

1290.0 

76.2 

8.38 

.0645 

.1182 

.0502 

.0162 

.7508 

-.0 

- 0 . 

76.2 

6.48 

-.0010 

-.0010 

-.0010 

-.0010 

-.0010 

.0039 

1425.0 

76.2 

5.84 

.0732 

.0960 

.0435 

.0154 

.7719 

-.0 

- 0 . 

76.2 

3.94 

.0870 

.1076 

.0592 

.0123 

.7239 

.0035 

- 0 . 

76.2 

1.40 

.0771 

.1227 

.0437 

.0092 

.7473 

-.0 

- 0 . 

83.9 

26.80 

-.0010 

-.0010 

-.0010 

-.0010 

-.0010 

-.0010 

-.0 

88.9 

24.26 

-.0010 

-.0010 

-.0010 

-.0010 

-.0010 

-.0010 

-.0 

88.9 

21.72 

-.0010 

-.0010 

-.0010 

-.0010 

-.0010 

.0005 

300.0 

88.9 

19.18 

.0078 

.1866 

0 . 

.0215 

.7839 

.0011 

410.0 

88.9 

16.64 

.0237 

.1835 

.0173 

.0150 

.7104 

.0022 

580.0 

88.9 

14.10 

-.0010 

-.0010 

-.0010 

-.0010 

-.0010 

-.0010 

-.0 

88.9 

13.46 

.0499 

.1591 

.0220 

.0187 

.7503 

-.0 

- 0 . 

88.9 

11.56 

-.0010 

-.0010 

-.0010 

-.0010 

-.0010 

.0044 

1115.0 

88.9 

10.92 

-.0010 

-.0010 

-.0010 

-.0010 

-.0010 

-.0010 

-.0 

88.9 

9.02 

-.0010 

-.0010 

-.0010 

-.0010 

-.0010 

.0046 

1300.0 

88.9 

8.38 

.0693 

.1258 

.0430 

.0102 

.7326 

-.0 

- 0 . 

88.9 

6.48 

-.0010 

-.0010 

-.0010 

-.0010 

-.0010 

.0040 

1435.0 

88.9 

5.84 

-.0010 

-.0010 

-.0010 

-.0010 

-.0010 

-.0010 

-.0 

88.9 

3.94 

.0840 

.0802 

.0528 

.0095 

.7735 

.0047 

- 0 . 

88.9 

1.40 

.0546 

.1047 

.0420 

.0109 

.7879 

.0123 

- 0 . 

101.6 

26.80 

-.0010 

-.0010 

-.0010 

-.0010 

-.0010 

-.0010 

-.0 

101.6 

24.26 

-.0010 

-.0010 

-.0010 

-.0010 

-.0010 

-.0010 

-.0 

101.6 

21.72 

-.0010 

-.0010 

-.0010 

-.0010 

-.0010 

.0003 

280.0 

101.6 

19.18 

.0158 

.2127 

0 . 

.0190 

.7825 

.0009 

360.0 

101.6 

16.64 

.0189 

.1932 

.0078 

.0227 

.7675 

.0020 

540.0 

101.6 

14.10 

-.0010 

-.0010 

-.0010 

-.0010 

-.0010 

.0035 

-.0 

101.6 

13.46 

.0504 

.1598 

.0294 

.0167 

.7336 

-.0 

^ 0 . 

101.6 

11.56 

-.0010 

-.0010 

-.0010 

-.0010 

-.0010 

• 0046 

1140.0 
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TABLE D-2 (Continued) 


ZCI ) 

P « J ) 

H 20 

02 

C 02 

C 3 H 6 

N 2 

CO 

TEMP 

101.6 

10.92 

.0638 

.1292 

.0543 

.0076 

.7411 

-.0 

- 0 . 

101.6 

9.02 

-.0010 

-.0010 

-.0010 

-.0010 

-.0010 

.0047 

1320.0 

101.6 

B .30 

.0951 

.1136 

.0479 

.0174 

.7260 

-.0 

- 0 . 

101.6 

6 . A 8 

-.0010 

-.0010 

-.0010 

-.0010 

-.0010 

.0047 

1460.0 

101.6 

5.84 

.0835 

.0875 

.0468 

.0117 

.7705 

-.0 

- 0 -. 

101.6 

3.94 

.0905 

.0848 

.0509 

.0037 

.7451 

.0054 

- 0 , 

101.6 

1.40 

.0770 

.1051 

.0481 

.0013 

.7586 

.0144 

- 0 . 

116.3 

26.80 

-.0010 

-.0010 

-.0010 

-.0010 

-.0010 

-.0010 

-.0 

116.3 

24.26 

-.0010 

-.0010 

- .0010 

-.0010 

-.0010 

-.0010 

-.0 

116.3 

21.72 

.0149 

.1934 

0 • 

.0270 

.764 7 

-.0 

295,0 

116.3 

19.18 

.0196 

. 1908 

.0008 

.0241 

.7616 

.0007 

325.0 

116.3 

16.64 

.0190 

.206 8 

0 . 

.025 7 

.7315 

.0017 

500.0 

116.3 

14.10 

-.0010 

-.0010 

-.0010 

-.0010 

-.0010 

.0033 

-.0 

116.3 

13.46 

-.0010 

-.0010 

-.0010 

-.0010 

-.0010 

-.0010 

-.0 

116.3 

11.56 

-.0010 

-.0010 

-.0010 

-.0010 

-.0010 

• 0046 

1150.0 

116.3 

10.92 

.0652 

.1314 

.0525 

.0044 

.7108 

-.0 

- 0 . 

116.3 

9.02 

-.0010 

-.0010 

-.0010 

-.0010 

-.0010 

.0046 

1375.0 

116.3 

8.38 

.0863 

.1009 

.0595 

.0076 

.7456 

-.0 

- 0 . 

116.3 

6.48 

-.0010 

-.0010 

-.0010 

-.0010 

-.0010 

.0036 

1475.0 

116.3 

5.84 

.0880 

.0101 

.0537 

.0080 

.7813 

-.0 

- 0 . 

116.3 

3.94 

.0859 

.0991 

.0518 

.0090 

.738 2 

.0039 

- 0 . 

116.3 

1.40 

.0874 

.0814 

• 0601 

.0098 

.7513 

.0066 

- 0 . 

127.0 

26.80 

-.0010 

-.0010 

-.0010 

-.0010 

-.0010 

-.0010 

-.0 

127.0 

24.26 

-.0010 

-.0010 

-.0010 

-.0010 

-.0010 

-.0010 

-.0 

127.0 

21.72 

.0118 

.1865 

0 . 

.0267 

.7751 

-.0 

- 0 . 

127.0 

19.18 

.0069 

.1950 

0 . 

.0271 

.7710 

-.0 

300.0 

127.0 

16.64 

.0109 

.1953 

•0001 

.0249 

.7888 

.0009 

375.0 

127.0 

14 . 10 

-.0010 

-.0010 

-.0010 

-.0010 

-.0010 

• 0019 

620.0 

127.0 

13.46 

.0543 

.1421 

.0162 

.0200 

. 7674 

-.0 

- 0 . 

127.0 

11.56 

-.0010 

-.0010 

-.0010 

-.0010 

-.0010 

.0032 

-.0 

127.0 

10.92 

.0656 

.1316 

• 0415 

.0044 

. 7569 

-.0 

- 0 . 

127.0 

9.02 

-.0010 

-.0010 

-.0010 

-.0010 

-.0010 

.0034 

1340.0 

127.0 

8.36 

.0802 

.0909 

• 0527 

.0021 

.7571 

-.0 

- 0 . 

127.0 

6.48 

-.0010 

-.0010 

-.0010 

-.0010 

-.0010 

.0026 

1470.0 

127.0 

5.84 

.0991 

.0724 

.0733 

.0001 

.7552 

-.0 

- 0 . 

127.0 

3.94 

,.0764 

.0803 

.0729 

.0010 

.7814 

.0021 

- 0 . 

127.0 

1.40 

.0951 

.0823 

.0701 

.0012 

.7512 

.0026 

- 0 . 

139.7 

26.80 

-.0010 

-.0010 

-.0010 

-.0010 

-.0010 

-.0010 

-.0 

139.7 

24.26 

-.0010 

-.0010 

-.0010 

-.0010 

-.0010 

-.0010 

-.0 

139.7 

21.72 

-.0010 

-.0010 

-.0010 

-.0010 

-.0010 

-.0010 

-.0 

139.7 

19.18 

-.0010 

-.0010 

-.0010 

-.0010 

-.0010 

.0001 

-.0 

139.7 

16.64 

.0105 

.2110 

0 . 

.0257 

.7528 

.0001 

- 0 , 

139.7 

14.10 

-.0010 

-.0010 

-.0010 

-.0010 

-.0010 

.0003 

280.0 

139.7 

13.46 

.0216 

. 195 ? 

.0030 

.0240 

.7561 

-.0 

- 0 . 

139.7 

11.56 

-.0010 

-.0010 

-.0010 

-.0010 

-.0010 

-.0010 

375.0 

139.7 

10.92 

.0290 

.1219 

.0041 

.0235 

• 7715 

-.0 

- 0 . 

139.7 

9.02 

-.0010 

-.0010 

-.0010 

-.0010 

-.0010 

.0011 

600.0 

139.7 

8.38 

.0355 

.1501 

.0234 

.0121 

.7599 

-.0 

- 0 . 

139.7 

6.48 

-.0010 

-.0010 

-.0010 

-.0010 

-.0010 

.0014 

895.0 
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TABLE D-2 (Continued) 


z ( n 

R ( J ) 

H20 

02 

CQ2 

C3H8 

N2 CO 

TEMP 

139,7 

5.84 

.0591 

.1294 

.0498 

.0096 

.7520 -.0 

- O . 

139.7 

3 . Q4 

.0696 

.1025 

.05 05 

.0130 

.7644 .0017 

- 0 . 

139.7 

1.40 

.0724 

.1013 

.0513 

.0098 

.7652 .0019 

- 0 . 

146.0 

26.80 

-.0010 

-.0010 

-.0010 

-.0010 

-.0010 -.0010 

-.0 

146.«3 

24.26 

-.0010 

-.0010 

-.0010 

-.0010 

-.0010 -.0010 

-.0 

146.0 

21 .72 

-.0010 

-.0010 

-.0010 

-.0010 

-.0010 -.0010 

-.0 

146.0 

19.18 

-.0010 

-.0010 

-.0010 

-.0010 

-.0010 -.0010 

-.0 

146.0 

16.64 

-.0010 

-.0010 

-.0010 

-.0010 

-.0010 -.0010 

-.0 

146.0 

14.10 

-.0010 

-.0010 

-.0010 

-.0010 

-.0010 -.0010 

-.0 

146.0 

13.46 

-.0010 

-.0010 

-.0010 

-.0010 

-.0010 -.0010 

-.0 

146.0 

11.56 

-.0010 

-.0010 

-.0010 

-.0010 

-.0010 -.0010 

-.0 

146.0 

10.92 

-.0010 

-.0010 

-.0010 

-.0010 

-.0010 -.0010 

-.0 

146.0 

9.02 

-.0010 

-.0010 

-.0010 

-.0010 

-.0010 -.0010 

280.0 

146.0 

8.38 

.0158 

.2096 

0 . 

.0234 

.7713 -.0 

- 0 . 

146 .0 

6.48 

-.0010 

-.0010 

-.0010 

-.0010 

-.0010 -.0010 

325.0 

146.0 

5.84 

.0128 

.1937 

.0023 

.0258 

.7655 -.0 

- 0 . 

146.0 

3.94 

.0211 

. 1711 

.0077 

.0173 

.8023 .0003 

- 0 . 

146.0 

1 .40 

.0341 

.1639 

.0180 

.0155 

.7135 .0004 

- 0 . 

152.4 

26. SO 

-.0010 

-.0010 

-.0010 

-.0010 

-.0010 -.0010 

-.0 

152.4 

24.26 

-.0010 

-.0010 

- .0010 

-.0010 

-.0010 -.0010 

-.0 

152.4 

21.72 

-.0010 

-.0010 

-.0010 

-.0010 

-.0010 -.0010 

-.0 

152.4 

19.10 

-.0010 

-.0010 

-.0010 

-.0010 

-.0010 -.0010 

-.0 

152.4 

16.64 

-.0010 

-.0010 

-.0010 

-.0010 

-.0010 -.0010 

-.0 

152.4 

14.10 

-.0010 

-.0010 

-.0010 

-.0010 

-.0010 -.0010 

-.0 

152.4 

13.46 

-.0910 

-.0010 

-.0 310 

-.0010 

-.0010 -.0010 

-.0 

152.4 

11.56 

-.0010 

-.0010 

-.0010 

-.0010 

-.0010 -.0010 

-.0 

152.4 

10.92 

-.0010 

-.0010 

-.0010 

-.0010 

-.0010 -.0010 

-.0 

152.4 

9.02 

-.0010 

-.0010 

-.0010 

-.0010 

-.0010 -.0010 

-.0 

152.4 

3.38 

.0149 

.2085 

0 . 

• 0268 

.7438 -.0 

- 0 . 

152.4 

6.48 

-.0010 

-.0010 

-.0010 

-.0010 

-.OulO -.0010 

-.0 

152.4 

5.84 

.0129 

.2091 

0 . 

.0241 

.7940 -.0 

- 0 . 

152.4 

3 .94 

.0090 

.1922 

0 . 

.0254 

.7674 -.0 

- 0 . 

152.4 

1.40 

.0112 

.2132 

.0048 

.0157 

.7551 -.0 

- 0 . 
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TABLE D-2 (Continued) 


DATA FOR CASE 3 TEHP = 600.0 EQIVs .6250 VEL « 7.240 


Z ( I ) 

R ( J ) 

H 20 

02 

C 02 

C 3 H 8 

N 2 

CO 

TEMP 

Q . 

26.60 

.0936 

.0771 

• 0713 

• 0086 

.7524 

.0016 

- 0 . 

0 . 

24.26 

.0817 

.0794 

.0716 

.0011 

• 7828 

.0013 

- 0 . 

0 . 

21.72 

.0743 

• 0763 

.0 749 

• 0023 

.7903 

• 0013 

1740.0 

0 . 

19.18 

.1011 

.0724 

.0801 

• 0028 

.7396 

. 0011 

1765.0 

0 . 

16.64 

.1003 

.0806 

.0 742 

.0031 

• 7628 

. 0008 

1783.0 

0 . 

14.10 

.0 973 

.0848 

• 0718 

.0025 

.7358 

• 0003 

1795.0 

0 . 

11.56 

.0872 

.0735 

.0713 

• 0001 

.7659 

. 0003 

1800.0 

0 . 

9.02 

.1060 

• 0828 

.0800 

.0004 

.7309 

• 0003 

1780.0 

0 . 

6.48 

.0949 

.0949 

.0 767 

• 0 00,9 

.7326 

• 0002 

1693.0 

0 . 

3.94 

• 0934 

.0706 

.0803 

• 0010 

.7437 

-.0 

- 0 . 

0 . 

1.40 

-.0010 

-.0010 

-.0010 

-.0010 

-.0010 

-.0010 

-.0 

25 . A 

26.80 

.1024 

• 0882 

• 0388 

.0019 

.7286 

-.0 

1570.0 

25.4 

24.26 

• 0864 

.0725 

.0348 

.0093 

.7990 

• 0022 

1600.0 

25.4 

21.72 

.0 976 

. 0822 

.0 719 

• 0006 

'.^477 

• 0015 

1693.0 

25.4 

19.18 

• 1017 

.0933 

• 0 723 

.0012 

.7226 

.0009 

1730.0 

25.4 

16.64 

.1083 

.0893 

• 0700 

.0070 

.7194 

. 0006 

1785.0 

25.4 

14.10 

• 0 827 

• 0694 

.0577 

.0081 

.7771 

• 0005 

1810.0 

25.4 

11.56 

.0868 

.0634 

.0 727 

.0010 

.7731 

• 0003 

1800.0 

23.4 

9.02 

• 1071 

• 0808 

.0789 

• 0010 

.7321 

• 0004 

- 0 . 

23«4 

6.46 

• 0849 

.0689 

.0634 

.0090 

.7837 

.0003 

1700.0 

25.4 

3.94 

.0893 

.0786 

• 0724 

.0032 

• 7564 

. 0002 

- 0 . 

23.4 

1.40 

-.0010 

-.0010 

-.0010 

-.0010 

-.0010 

-.0010 

-.0 

50.0 

26 . 80 

.0 643 

. 0753 

.0424 

.0144 

.7833 

-.0 

1275.0 

30.6 

24.26 

• 0916 

• 0829 

• 0 478 

• 0087 

.7689 

-.0 

1330.0 

30.8 

21.72 

.0924 

.0895 

.0390 

• 0008 

.7534 

• 0024 

1575.0 

30*8 

19.18 

.0882 

.0833 

.0587 

• 0084 

.7642 

• 0016 

1710.0 

30*8 

16.64 

• 1033 

• 0830 

.0 693 

• 0007 

.7412 

.0012 

1775.0 

30.8 

14.10 

.0826 

.0751 

• 0692 

• 0034 

.7696 

. 0008 

- 0 . 

30.8 

11 . 36 

• 0994 

. 0813 

. 0673 

• 0003 

.7510 

• 0003 

1800.0 

30.8 

9.02 

• 0926 

.0757 

.0727 

• 0007 

.7634 

• 000 3 

1780.0 

30.8 

6.48 

• 0839 

• 0868 

.0639 

• 0017 

.7598 

• 0003 

1680.0 

30.8 

3.94 

.0 897 

• 0706 

• 0603 

• 0013 

.7782 

. 0002 

- 0 * 

30 « 8 

1.40 

-.0010 

-.0010 

-.0010 

-.0010 

-.0010 

-.0010 

-.0 

63.3 

26.80 

-.0010 

-.0010 

-.0010 

-.0010 

-.0010 

-.0010 

1110.0 

63«3 

24.26 

• 0914 

.0908 

.0 492 

• 0010 

.7676 

• 0048 

1180.0 

63.3 

21.72 

• 0836 

• 0803 

• 0 343 

.0107 

.7771 

• 0029 

1443.0 

63.3 

19.18 

• 0 887 

• 0738 

• 0563 

.0069 

.7863 

-.0 

- 0 . 

63.3 

16 . 64 

• 0934 

• 0843 

• 0768 

• 0097 

• 7118 

• 0012 

1725.0 

^ 3.3 

14*10 

.0 969 

.0924 

• 0704 

.0006 

.7167 

.0008 

1790.0 

63.3 

11.36 

.0933 

• 0831 

.0386 

• 0090 

.7341 

• 0005 

1790.0 

63.3 

9.02 

• 0933 

• 0934 

• 0642 

• 0083 

.7388 

• 0003 

1785.0 

63.3 

6.48 

.0903 

• 0844 

• 0 633 

• 0040 

.7558 

• 0004 

1775.0 

63«3 

3.94 

.0 793 

• 0816 

.0709 

• 0001 

.7682 

• 0003 

- 0 . 

63.3 

1.40 

-.0010 

-. 0010 

-. 0010 

-.0010 

-.0010 

-.0010 

-.0 

76*2 

26.80 

-.0010 

-.0010 

-.0010 

-.0010 

-.0010 

-.0010 

950.0 

76.2 

24.26 

.0708 

.1413 

.0175 

• 0132 

.7553 

.0094 

- 0 . 

76.2 

21.72 

• 0990 

• 0876 

.0319 

• 0033 

.7580 

• 0044 

1320.0 

76.2 

19.18 

.0910 

.0607 

.0 334 

.0090 

.7639 

.0023 

1360.0 

76.2 

16 . 64 

• 0 893 

• 0898 

• 0636 

.0031 

.7520 

• 0016 

1700.0 
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TABLE D-2 (Continued) 


ZCI) 

R(J1 

H20 

02 

C02 

C3H6 

N2 

CO 

TEHP 

76.2 

14.10 

.0945 

.0642 

.0 630 

.0066 

.7447 

-• 0 

1775.0 

76.2 

11. 56 

.0677 

.0603 

.0636 

.0006 

.7776 

• 0006 

1760.0 

76«2 

9.02 

.0676 

.0779 

.0515 

• 0015 

• 6213 

• 0005 

1775.0 

7 o «2 

6.46 

.0950 

.0617 

.0731 

• 0006 

• 6766 

• 0005 

1770.0 

76«2 

3.94 

.0935 

.0772 

.0698 

• 0014 

.7560 

• 0005 

-0. 

76«2 

1.40 

-.0010 

-.0010 

-.0010 

-.0013 

-.0010 

-.0010 

-.0 

dd «9 

26.60 

-.0010 

0010 

-.0010 

-.0010 

-.0010 

0. 

610.0 


24.26 

.0565 

.1979 

.0140 

.0143 

.7153 

• 0200 

660.0 

8 S .9 

21.72 

.0867 

.1063 

.0358 

.0016 

.7616 

• 0087 

1150.0 

8 d .9 

19.16 

.0 917 

.0672 

.0 466 

• 0166 

.7658 

• 0032 

1440«0 

66«9 

16.64 

.1096 

.0943 

.0675 

.0043 

.7241 

.0017 

1650.0 

66 • 9 

14.10 

.0966 

.0833 

.0 697 

.0070 

^7411 

• 0011 

1760.0 

66.9 

11.56 

.0914 

.0786 

.0631 

.0126 

.7651 

-.0 

1775.0 

86.9 

9.02 

.0971 

.0604 

.0 703 

• 0012 

.7370 

• 0005 

-0. 

68«9 

6.46 

.0 %7 

• 0656 

.0719 

.0006 

.7392 

. 0004 

1750.0 

68.9 

3.94 

.0954 

• 0909 

.0 627 

.0045 

.7536 

-.0 

-0. 

66.9 

1.40 

.0961 

• 0660 

.0556 

.0063 

.7500 

• 0020 

-0. 

101.6 

26.60 

-.0010 

-.0010 

-.0010 

-.0010 

-.0010 

-.0010 

710.0 

101.6 

24.26 

.0294 

.2109 

.0100 

• 0351 

.6666 

.0030 

770.0 

101.6 

21.72 

.0436 

.1767 

.0263 

.0020 

.7492 

• 0190 

1010.0 

101.6 

19.16 

.0636 

.1049 

.0 394 

• 0073 

.7847 

• 0050 

1360.0 

101.6 

16.64 

.0698 

.0672 

.0 612 

.0008 

.7611 

• 0019 

1660.0 

101.6 

14.10 

.0 946 

. 0645 

.0667 

.0087 

.7413 

• 0010 

-0. 

101.6 

11.56 

.0859 

.0630 

.0546 

.0013 

• 7602 

• 0007 

1745.0 

101.6 

9.02 

• 1010 

.0667 

.0569 

.0033 

.7421 

• 0003 

1740.0 

101.6 

6.46 

.0676 

.0696 

.0599 

.0066 

.7900 

.0006 

1730.0 

101.6 

3.94 

.0 927 

.0676 

.0547 

.0062 

.7687 

. 0012 

-0. 

101.6 

1.40 

.0925 

.0769 

• 0562 

.0070 

.7574 

.0020 

-0. 

114.3 

26. 60 

-.0010 

-. 0010 

-.0010 

-.0010 

-.0010 

-.0010 

640.0 

114.3 

24.26 

-.0010 

-.0010 

-.0010 

-.0010 

-.0010 

-.0010 

680.0 

114.3 

21.72 

• 0 310 

• 1660 

>0116 

• 0215 

.7499 

• 0023 

940.0 

114.3 

19. 16 

.0573 

. 1222 

• 0166 

• 0136 

.7683 

• 0150 

-0. 

114.3 

16.64 

.0799 

.0650 

.0576 

.0071 

.7704 

.0027 

1560.0 

114.3 

14.10 

• 1005 

.0658 

• 05&6 

.0142 

.7217 

-.0 

1720.0 

114.3 

11. 56 

.0672 

• 0624 

.0494 

.0115 

.7696 

.0006 

1725.0 

114.3 

9.02 

.0692 

. 0643 

.0486 

• 0103 

.7574 

-.0 

1720.0 

114.3 

6.46 

.0832 

.0718 

.0 654 

.0046 

.7848 

-.0 

1720.0 

114.3 

3. 94 

.0664 

. 0796 

.0579 

• 0066 

.7675 

• 0008 

1710.0 

114.3 

1.40 

• 0964 

.0757 

.0579 

.0126 

.7574 

• 0011 

-0. 

127.0 

26.60 

-.0010 

-.0010 

-.0010 

-.0010 

-.0010 

-.0010 

-.0 

127.0 

24.26 

-.0010 

-.0010 

-.0010 

-.0010 

-. 0010 

-.0010 

620.0 

127.0 

21.72 

.0225 

.1907 

.0041 

• 0221 

.7906 

-.0 

-0. 

127.0 

19.16 

• 0366 

.1619 

• 0144 

.0197 

.7954 

.0230 

1075.0 

127.0 

16.64 

.0556 

.1265 

.0290 

• 0123 

.7647 

• 0065 

1450.0 

127.0 

14.10 

• 0649 

• 0962 

.0481 

• 0153 

.7457 

-.0 

1660.0 

127.0 

11.56 

.0743 

. 0609 

• 0516 

.0117 

.7796 

• 0010 

1700.0 

127.0 

9. 02 

.0626 

• 0662 

.0536 

.0097 

.7857 

-.0 

1720.0 

127.0 

6.46 

• 0914 

.0792 

.0474 

.0062 

. 7559 

.0005 

1720.0 

127.0 

3.94 

.0905 

.0651 

• 0566 

• 0085 

.7691 

• 0003 

-0. 


II 
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TABLE D-2 (Continued) 


zm 

R(J) 

H 23 

32 

C 02 

C 3 H 8 

N 2 

CO 

TEMP 

127 .Q 

1 . 4 Q 

• 0921 

• 0703 

• 0587 

• 0069 

.7719 

• 0005 

- 0 . 

139.7 

26. ao 

-• 0010 

-• 0010 

-• 0010 

-.0010 

-.0010 

-•0010 

-.0 

139.7 

2 <f .26 

-•0010 

-.0010 

-.0010 

-.0018 

-.0010 

-.0010 

-.0 

139.7 

21.72 

-•0010 

-• 0010 

-.0010 

-.0010 

-.0010 

-.0010 

645.0 

139.7 

19.18 

.0272 

• 2000 

0 « 

• 0246 

• 7482 

• 0018 

830.0 

139.7 

16.64 

• 0 444 

• 1668 

• 0189 

• 0022 

.7611 

• 0060 

1135.0 

139.7 

14.10 

• 0629 

• 1342 

• 0408 

• 0118 

.7910 

• 0065 

1440.0 

139.7 

11.56 

• 0750 

• 1152 

• 0 372 

• 0110 

.7552 

• 0027 

1600.0 

139.7 

9.02 

• 0964 

• 0998 

• 0373 

• 0174 

.7393 

-.0 

1670.0 

139.7 

6. 48 

• 0916 

• 0922 

• 0420 

• 0186 

.7457 

• 0016 

1680.0 

139.7 

3.94 

.0970 

• 0868 

• 0551 

• 0104 

.7407 

• 0005 

- 0 . 

139.7 

1.40 

• 1138 

• 0855 

• 0 546 

• 0161 

• 7201 

.0010 

- 0 . 

1 ^ 9.0 

26.80 

-.0010 

0010 

-.0010 

-.0010 

-.0010 

-.0010 

-.0 

146.0 

24.26 

-.0010 

-.0010 

-.0010 

-.0013 

-.0010 

-.0010 

-.0 

146.0 

21.72 

-.0010 

-•0010 

-.0010 

-.0010 

-.0010 

-.0010 

-.0 

146.0 

19.18 

-.0010 

-•0010 

-.0010 

-.0010 

-•0010 

-.0010 

-•0 

146.0 

16.64 

-.0010 

-.0010 

-.0010 

-.0010 

-•0010 

-• 0010 

-.0 

146.0 

14 . 10 

• 0418 

• 1896 

• 020 0 

• 0219 

.7428 

-.0 

975.0 

146.0 

11.56 

.0374 

• 1652 

• 0132 

• 0156 

.7586 

• 0250 

1180.0 

146.0 

9.02 

• 0524 

• 1342 

.0 242 

• 0148 

.7743 

• 0021 

1375.0 

146.0 

6.48 

• 0666 

• 1242 

• 0480 

• 0096 

.7416 

• 0028 

1540.0 

146.0 

3.94 

• 0831 

• 1148 

• 0451 

• 0117 

.7452 

.0090 

- 0 . 

146.0 

1.40 

• 0939 

.0947 

• 0 356 

• 0246 

.7512 

• 0030 

- 0 . 

15 Z .4 

26 . 60 

-• 0010 

-• 0010 

-.0010 

-.0010 

-.0010 

-.0010 

-.0 

162.4 

24.26 

-.0010 

-•0010 

-. 0*010 

-.0010 

-.0010 

-.0010 

-.0 

152.4 

21.72 

-.0010 

-.0010 

-.0010 

-.0010 

-•0010 

-.0010 

-.0 

152.4 

19.18 

-.0010 

-.0010 

-.0010 

-.0010 

-.0010 

-•0010 

590.0 

152.4 

16.64 

-.0010 

-.0010 

-.0010 

-.0010 

-.0010 

-.0010 

620.0 

152.4 

14.10 

-.0010 

-• 0010 

-.0010 

-.0010 

-.0010 

-.0010 

690.0 

152.4 

11 . 56 

.0155 

.1720 

• 0021 

• 0230 

• 7874 

-.0 

790.0 

152.4 

9.02 

• 0201 

.1907 

• 0035 

• 0251 

.7576 

• 0005 

930.0 

152.4 

6.48 

.0237 

• 1821 

• 0074 

• 0276 

.7592 

• 0008 

1075.0 

152.4 

3.94 

• 0322 

• 1616 

• 0204 

• 0124 

.7735 

• 0015 

-0. 

152.4 

1.40 

.0570 

.1987 

• 0284 

• 0201 

.7157 

.0243 

-0. 
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TABLE D-2 (Continued) 


DATA FOR CASE 6 TEHP- 600.0 EQIV- .0450 VEL= 7.240 


zai 

R ( J ) 

H20 

02 

C02 

C3H8 

N2 

CO 

TEMP 

0 . 

26.80 

• 0259 

.2000 

.0095 

.0175 

.7471 

• Q 925 

970.0 

0 . 

24.26 

.0351 

.1906 

.0173 

• 0158 

.7407 

.0024 

1120.0 

0 * 

21.72 

.0413 

.1725 

.0211 

.0156 

.7455 

.0423 

- 0 . 

0 . 

19.18 

.0546 

.1673 

.0 238 

• 0114 

.7430 

-^0 

1275.0 

a« 

16 . 64 

.0575 

.1320 

.0 268 

• 0093 

.7845 

.0024 

1330.0 

0 . 

14.10 

.0654 

.1397 

.0 355 

• 0063 

.7530 

-.0 

1420.0 

0 . 

11.56 

• 0657 

• 1349 

.0550 

.0002 

• 7502 

.0025 

1450.0 

0 « 

9.02 

.0681 

.1327 

.0587 

0 . 

.7045 

• 0020 

1460.0 

0 . 

6.48 

.0653 

.1284 

.0593 

.0001 

.7298 

.0020 

1410.0 

0 « 

3#94 

.0757 

.1085 

.0 57 

.0005 

.7076 

.0026 

- 0 . 

0 * 

1.40 

-•0010 

-. 0010 

-.0010 

-.0010 

-.0010 

-.0010 

-.0 

25.4 

26 . 80 

.0177 

.1907 

• 0036 

• 0229 

.7752 

-.0 

- 0 . 

2&«4 

24.26 

.0337 

.1980 

• 0128 

.0210 

.7345 

.0021 

1000.0 

25«4 

21.72 

• 0305 

.1740 

.0178 

.0170 

.7607 

• 0022 

1120.0 


19.18 

.0535 

.1747 

• 0212 

.0076 

.7330 

• 0025 

1200.0 

23«4 

16.64 

• 0 544 

.1497 

.0 253 

.0161 

.7545 

• 0027 

1300.0 

25.4 

14.10 

• 0533 

.1521 

• 0384 

• 0070 

.7392 

-.0 

1350.0 

25.4 

11.56 

• 0621 

.1512 

• 0580 

.00 57 

.7079 

.0028 

1410.0 

25.4 

9.02 

.0615 

.1468 

• 0526 

0 . 

.7191 

• 0023 

1420.0 

25«4 

6.48 

• 0691 

.1207 

.0613 

.0006 

.7484 

• 0019 

- 0 . 

25«4 

3.94 

• 0601 

.1167 

.0552 

.0007 

.7673 

• 0028 

- 0 . 

25.4 

1.40 

-.0010 

-.0010 

-.0010 

-.0010 

-.0010 

*•0010 

-.0 

50.6 

26.80 

-.0010 

-. 0010 

-.0010 

-.0010 

-.0010 

-.0010 

-.0 

50.6 

24.26 

• 0140 

.1883 

.0041 

.0154 

.7776 

-.0 

910.0 

S 0«8 

21.72 

.0287 

• 1903 

• 0140 

.0178 

.7492 

.0020 

1025.0 

50.6 

19.18 

• 0 320 

• 1775 

.0186 

.0130 

.7789 

-.0 

1125.0 

50*6 

16.64 

• 0503 

.1585 

• 0212 

• 0122 

.7213 

-.0 

1240.0 

50.8 

14.10 

• 0503 

.1457 

.0 390 

.0100 

.7551 

-.0 

1325.0 

50«8 

11 . 56 

.0553 

.1512 

.0 437 

.0113 

.7185 

.0033 

- 0 . 

50.6 

9.02 

• 0583 

.1407 

.0578 

.0096 

.7301 

.0025 

1425.0 

& 0.8 

6.48 

.0593 

.1251 

.0642 

.0004 

.7510 

• 0023 

1420.0 

50 • 8 

3.94 

• 0 766 

.1267 

.0641 

• 0016 

.7011 

.0030 

- 0 . 

50.6 

1.40 

-.0010 

-.0010 

-.0010 

-.0010 

-.0010 

-.0010 

-.0 

83.5 

26.80 

-.0010 

-• 0010 

-.0010 

-.0010 

-.0010 

-.0010 

-.0 

63.5 

24.26 

.0236 

. 1889 

.0024 

.0187 

.7663 

.0015 

875.0 

63.5 

21.72 

• 0302 

• 1866 

.0052 

.0155 

.7625 

• 0020 

975.0 

63.5 

19.18 

.0366 

.1795 

• 0130 

.0115 

.7513 

.0024 

1075.0 

63«5 

16.64 

.0363 

.1496 

.0235 

.0105 

.7801 

• 0029 

- 0 . 

63.5 

14.10 

.0415 

.1605 

.0289 

.0109 

.7664 

-.0 

1280.0 

63«5 

11.56 

• 0543 

.1313 

.0402 

.0084 

.7649 

• 0034 

1360.0 

63.5 

9.02 

• 0615 

.1379 

• 0535 

0 . 

.6871 

• 0034 

1420.0 

63.5 

6.48 

• 0698 

.1311 

.0483 

• 00 44 

.7389 

.0026 

1425.0 

63.5 

3.94 

-.0010 

-. 0010 

-.0010 

-.0010 

-.0010 

• 0027 

-.0 

63.5 

1.40 

-.0010 

-.0010 

-.0010 

-.0010 

-.0010 

-.0010 

-^0 

7 b «2 

26.80 

-.0010 

-.0010 

-.0010 

-.0010 

-.0010 

-.0010 

-.0 

76.2 

24.26 

-.0010 

-. 0010 

-.0010 

-.0010 

-.0010 

-.0010 

810.0 

76.2 

21.72 

.0237 

.1947 

.0029 

• 0171 

.7716 

.0016 

- 0 . 

76.2 

19.18 

.0473 

.1843 

.0126 

.0173 

.7380 

• 0021 

1040.0 

76.2 

16.64 

• 0441 

• 1658 

• 0262 

.0143 

.7091 

-.0 

1150.0 
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TABLE D-2 (Continued) 


ZC 1 > 

R ( J > 

H 20 

02 

C 02 

C 3 H 8 

N 2 

GO 

TEMP 

76.2 

14.10 

.0501 

.1677 

• 0 369 

• 0103 

.7349 

• 0032 

1270.0 

76.2 

11.56 

.0 494 

.1486 

.0440 

.0100 

.7612 

• 0035 

1365.0 

7 o .2 

9.02 

.0596 

.1401 

• 0481 

• 0103 

.7419 

. 0030 

1410.0 

76.2 

6.48 

.0640 

• 1383 

.0568 

.0004 

.7316 

• 0 Q 27 

1445.0 

76«2 

3.94 

.0656 

.1308 

.0 621 

• 0059 

.7196 

• 0025 

- 0 . 

76*2 

1.40 

-.0010 

-.0010 

-.0010 

-.0010 

-.0010 

-.0010 

-.0 

dd .9 

26 . 80 

-.0010 

-. 0010 

-.0010 

-.0010 

-.0010 

-.0010 

*.o 

68«9 

24.26 

.0164 

.2021 

0 . 

.0199 

.7815 

.0009 

775.0 

8 d .9 

21.72 

.0221 

.1949 

.0020 

.0180 

.7751 

.0014 

890.0 

88.9 

19.18 

.0348 

.1956 

.0044 

.0247 

.7405 

-.0 

1000.0 

88.9 

16.64 

.0377 

.1633 

.0173 

.0163 

.7654 

• 0027 

1130.0 

88.9 

14.10 

.0509 

.1656 

.0 233 

.0175 

.7426 

.0034 

1270.0 

88.9 

11.56 

• 0 544 

. 1637 

.0 457 

.0003 

.7208 

.0037 

1365.0 

88.9 

9.02 

.0571 

.1357 

.0 446 

• 0036 

.7530 

• 0031 

1420.0 

88.9 

6.48 

• 0627 

.1237 

.0630 

.0016 

.7490 

.0040 

» 0 . 

88.9 

3.94 

.0650 

.1281 

.0678 

0 . 

.7390 

-.0 

" 0 . 

88.9 

1.40 

.0531 

.1517 

.0478 

• 0000 

.7414 

• 0063 

• 0 . 

101.6 

26.80 

-.0010 

-. 0010 

-.0010 

^.0010 

-.0010 

-•OOiO 

-.0 

101.6 

24.26 

-.0010 

-• 0010 

-.0010 

-.0010 

-.0010 

0 . 

740 « 0 

101.6 

21.72 

.0188 

• 2031 

.0016 

.0214 

.7551 

.0012 

840.0 

101.6 

19.18 

.0309 

.2038 

.0085 

.0212 

.7356 

.0019 

950.0 

101.6 

16 . 64 

.0421 

.1613 

• 0167 

• 0138 

• 7660 

-.0 

1100.0 

101.6 

14.10 

.0384 

• 1582 

.0231 

• 0099 

.7704 

.0033 

1245.0 

101.6 

11.56 

.0589 

.1385 

.0511 

• 0105 

*7433 

• 0036 

- 0 . 

101.6 

9.02 

.0671 

.1336 

.0443 

• 0074 

• 6996 

.0033 

1425.0 

101.6 

6.48 

.0628 

• 1310 

.0 649 

• 0002 

.7411 

.0031 

1440.0 

101.6 

3.94 

.0846 

.1329 

.0588 

0 . 

.7236 

• 0056 

- 0 . 

101.6 

1.40 

.0 548 

.1393 

• 0 443 

.0003 

.7613 

.0084 

- 0 . 

11<».3 

26.80 

-.0010 

-.0010 

-.0010 

-.OOlO 

-.0010 

-.0010 

-.0 

114.3 

24.26 

-.0010 

*.0010 

-.0010 

-.0010 

-.0010 

.0053 

700.0 

114.3 

21.72 

.0215 

.1955 

0 . 

• 0239 

• 7482 

• 0009 

800.0 

114.3 

19.18 

.0260 

.2108 

.0072 

• 0238 

.7223 

-.0 

960.0 

114.3 

16. 64 

.0386 

.1810 

.0110 

• 0188 

.7505 

-.0 

1125.0 

114.3 

14.10 

.0530 

.1642 

.0144 

.0176 

.7507 

• 0033 

- 0 . 

114.3 

11 . 56 

.0656 

.1585 

.0583 

• 0067 

.6789 

.0037 

1370.0 

114.3 

9.02 

.0 744 

• 1303 

.0596 

• 0034 

.7233 

. 0031 

1430.0 

114.3 

6 . 48 

.0614 

.1279 

. 0580 

• 0051 

.74 76 

. 0030 

1440.0 

114.3 

3.94 

.0642 

.1294 

.0545 

• 0041 

.7418 

• 0050 

- 0 . 

114.3 

1.40 

.0711 

• 1360 

.0503 

. Q 115 

• 7201 

• 0092 

- 0 . 

127.0 

26.80 

-.0010 

-.0010 

-.0010 

-.0010 

-.0010 

-.0010 

-.0 

127.0 

24.26 

-.0010 

-.0010 

-.0010 

-.0010 

-. 0010 

-.0010 

650.0 

127.0 

21.72 

-.0010 

-. 0010 

-.0010 

-.0010 

-.0010 

.0008 

770.0 

127.0 

19.18 

.0299 

.2035 

• 0014 

.0217 

.7435 

• 0150 

910.0 

127.0 

16.64 

.0350 

.1827 

• 0033 

• 0154 

.7417 

. 0022 

- 0 . 

127.0 

14.10 

.0510 

.1540 

.0197 

• 0207 

.7746 

-.0 

1275.0 

127.0 

11. 56 

.0557 

. 1483 

.0519 

• 0050 

.7291 

.0036 

1400.0 

127.0 

9.02 

.0523 

.1303 

.0468 

• 0104 

• 7603 

• 0031 

1440.0 

127.0 

6.48 

.0772 

.1233 

.0452 

.0118 

.7425 

• 0025 

1460.0 

127.0 

3.94 

.0744 

.1265 

.0609 

0 . 

.7281 

• 0028 

“ 0 . 
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TABLE D-2 (Continued) 


ZtX) 

RCJ) 

H20 

02 

C02 

C3H6 

N2 CO 

TEMP 

127.0 

1.40 

.0739 

.1163 

• 0 493 

• 0106 

.7397 -.0 

-0. 

139.7 

26«80 

-.0010 

-.0010 

-.0010 

-.0010 

-.0010 -.0010 

-.0 

139.7 

24.26 

-.0010 

-.0010 

-.0010 

-.0010 

-.0010 -.0010 

615.0 

139.7 

21. T2 

-.0010 

-.0010 

-.0010 

-.0010 

-.0010 .0049 

700.0 

139.7 

19.16 

• 0175 

• 2044 

0. 

.0193 

•7767 .0009 

-0. 

139.7 

16.64 

• 0297 

• 1679 

• 0003 

• 0162 

•7536 .0026 

1000.0 

139.7 

14.10 

• 0461 

.1693 

• 0066 

• 0168 

.7531 .0024 

1200.0 

139.7 

11.56 

• 0463 

.1696 

• 0239 

• 0097 

•7263 .0031 

1330.0 

139.7 

9.02 

.0651 

• 1514 

.0572 

• 0012 

•7251 .0026 

1420.0 

139.7 

6.46 

• 0626 

.1254 

.0573 

.0007 

•7500 .0019 

1445.0 

139.7 

3.94 

• 0711 

• 1045 

.0587 

.0006 

•7579 .0015 

-‘O. 

139.7 

1.40 

• 0761 

.1216 

.0535 

.0064 

•7312 .0017 

-0. 

192.4 

26. 60 

-.0010 

-.0010 

-.0010 

-.0010 

-.0010 -.6010 

-.0 

152.4 

24.26 

-.0010 

-• 0010 

-•UQIQ 

-.0016 

-.3010 -.0010 

575.0 

152.4 

21.72 

-.0010 

-.0010 

-.0010 

-.0010 

-.0010 -.0010 

-.0 

152.4 

19.16 

-.0010 

-.0010 

-.0010 

-.0010 

-.0010 -.0010 

650.0 

152.4 

16.64 

-.0010 

-.0010 

-.0010 

-.0010 

-.0010 -.0010 

750.0 

152.4 

14.10 

-.0010 

-.0010 

-.0010 

-.0010 

-.0010 -.0010 

675.0 

152.4 

11.56 

• 0269 

• 2144 

• 0116 

• 0 232 

.7038 -.0 

1050.0 

152.4 

9.02 

.0367 

• 1907 

• 0150 

.0242 

•7335 .0010 

1175.0 

152.4 

6.46 

• 0515 

• 1815 

• 0319 

.0171 

•7081 .0012 

1300.0 

152.4 

3.94 

.0551 

• 1606 

.0566 

.0125 

•7150 -.0 

-0. 

152.4 

1.40 

.0476 

• 1286 

• 0 526 

• 0006 

.7702 -.0 

-0. 

153.7 

26.80 

-.0010 

-.0010 

-.6010 

-.0010 

-.0010 -.0010 

-• 0 

153.7 

24.26 

-.0010 

-.0010 

-.0010 

-.0010 

-.0010 -.0010 

-.0 

153.7 

21.72 

-.0010 

-• 0010 

-.0010 

-.0010 

-.0010 -.0010 

-.0 

153.7 

19.18 

-.0010 

-.0010 

-.0010 

-.0010 

-.0010 -.0010 

-.0 

153.7 

16.64 

-.0010 

-• 0010 

-.0010 

-.0010 

-.0010 -.0010 

620.0 

153.7 

14.10 

-.0010 

-« 0010 

-.0010 

-.0010 

-.0010 -.0010 

690.0 

153.7 

11.56 

• 0232 

.2134 

0. 

;ai6i 

•6903 -.0 

785.0 

153.7 

9.02 

• 0164 

• 2128 

• 0084 

.0180 

.7443 0. 

875.0 

153.7 

6.48 

.0245 

• 2038 

0. 

.0169 

.7248 -.0 

1020.0 

153.7 

3.94 

• 0216 

• 1962 

• 0128 

.0248 

. 7446 -.0 

-0. 

153.7 

1.40 

-.0010 

-.0010 

-.0010 

-.0010 

-.0010 -.0010 

-.0 


APPENDIX E 


Numerical Computer Program 


This appendix lists the numerical computer program used in 
this investigation to solve the governing differential equations 
for the opposed reacting jet flowfield. This program represents a 

f44l 

modified version of the original program developed by Gosman, et aT- 

r47l 

and later used by Samuelsen*- Section E.l defines the Fortran 
symbols used in the program and Section E.2 provides a complete 
listing of the program. The various subroutines are described in 
detail in the above mentioned references. 


E.l. Fortran Symbols 

Fortran Symbols 

A (I, J, 1 to 9), 
also AQ(I, J, 1 to 9) 

ACTE(I) 

AGLOB(I) 

ANAME 

AQ(I, J, 1 to 13) 

AQ(I. J, 14) 

ASYMBL 

ATITLE 

AU 


Meaning 


Dependent variables 


Activation energy 
See GLOB(I) 

Full names for dependent variables; for 
use in print-out 

For convenience, some variables are 
assigned two variable-names, through an 
EQUIVALENCE statement, one of the two is 
AQ 

Temporary storage locations 

Symbol array for dependent variables, e.g. 
STRM for stream function; for use in 
print-out 

Title of problem to be input through this 
array 

The finite-difference approximation for 
the convection terms for the dependent 
variable ip is: ZU • (}>p-AU 
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BB 

Coefficient in the quadratic representa- 
tion of a -profile near an adiabatic 
boundary 

BGLOB(I) 

See GLOB(I) 

CC 

Convergence criterion 

CPJ (1 to 3) 

Specific heats of mixture components 

CPREF 

Reference specific heat 

DCN, DN 

Chamber dimensions 

DC 

Di vergence dri teri on 

DELX 1 (I) 

Length of control volume in the z direc- 
tion for nodes on grid-line I 

DELX 2 (J) 

Length of control volume in the r direc- 
tion for noeds on grid-line J 

G1(I,J), also AQ(I,J,10) 
G2(I,J), also AQ(I,J,11) 

Mass velocities in directions z and r 
respectively 

GC 

Gravitational constant 

GCPM 

Universal gas constant 

GMIE, GMIW 
GM2N, GM2S 

Quantities used for evaluation of the 
convection terms 

GLOB(I) 

Preexponential factor in Equation 4.24; 
GLOB = AGLOB(I) • lOBGLOB(r) 

HF 

Heat of formation 

IC, IN 

Grid-line designations 

IE 

Number of partial differential equations 
to be solved 

IN 

Number of z = constant grid lines 

INM 

= IN - 1 

IMIN(J), IMAX(J) 

Respectively, value of I on Jth.line at 
lefthand boundary and righthand boundary 

INDG 

Control index for geometry of flow: 1 

for Cartesian coordinates, 2 for cylindrical 

coordinates 
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INDRO Control index for density; 2 for non- 

uniform density, 1 for constant density 


INDE(K) 

Only when this index is put equal to 1 
will the equation for the dependent 
variable having the ordering index 
equal to K be solved 

INDZMU 

Control index for viscosity: 2 for varial 

viscosity, 1 for constant viscosity 

ON 

Number of r constant grid lines 

JCl, JC2, JC, JN 

Grid-line designations 

JJC2 

JC2 + 1 

JC2M 

JC2 - 1 

JCIM 

JCl - 1 

JNM 

JN - 1 

KVORT 

A control index used during calculation 
of vorticities on boundaries: when KVORT 

= 0, wall vorticities are not calculated 
when KVORT = 1, wall values calculated as 
well 

NW 

Vorticity/radius 

NF 

Stream function 

NZML 

Fuel mass fraction 

NZMC Dependent- 

C0« mass fraction 

variable ordering 

NZMN and i denti fy i ng 

NO mass fraction 

index, respective- 

NZMH ly for: 

Stagnation enthalpy 

NZMF 

Mixture fraction 

NVT 

Swirl velocity 

NP 

Static pressure 

NMAX 

Maximum number of iterations to be 
performed 

NPRIN 

Results, to be printed out, in display 
form, at intervals of NPRIN interations 
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NHOT 

NHOT = 0, cold flow; NHOT =1, hot flow 

NPRES 

NPRES = 0 static pressure not obtained; 
NPRES = 1 static pressure is obtained 

NREAD 

Number of dependent variable values to 
be read in from previous solution 

PHIP 

Primary stream equivalence ratio 

PHI J 

Jet stream equivalence ratio 

PR 91 to 9) 

Prandtl or Schmidt numbers, i.e., 0 ^ 
"^fu.eff 

PREF 

Reference static pressure 

R(J) 

Value of r at the constant r grid-line J 

RADCl, RADC2, RADN 

Chamber radi i 

RO(I,J), also AQ(I,J,12) 

Mixture density, p 

ROP 

Mixture density at primary or fuel inlet 

ROREF 

Reference density 

ROJ 

Mixture density at jet inlet 

ROWF 

Weighting factor (or under-relaxation 
factor) for density 

RP (1 to 9) 

Relaxation parameters for dependent 
variables 

STC 

Stoichiometric fuel/air ratio 

SOURCE 

The source term for the dependent variabl 
*1' is approximated by: source term = 

SOURCE + ZQ X (j>p 

T(I.J) 

Absolute temperature 

TREF 

Reference temperature 

VINP 

Axial velocity at primary inlet 

VINJ 

Axial velocity at jet inlet 

X1(I) 

Spatial length to grid-line I 

X2(J) 

Spatial length to grid-line J 
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ZEX 

ZJC 

AMUd.J), also AQ(I,J,13) 
ZMUK 

AMUREF 
ZMW (1 to 3) 

ZU 

ZQ 


Exponential factor. Equation 4.24 

Joule's constant 

Effective viscosity, 

Constant K in the effective- viscosity 
law 

Reference viscosity 
Molecular weights 
See AU 
See SOURCE 
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E.2. Fortran Listing of Program OPJET 


BLCCK DATA 
C OP JET 

C0MM0N/CVP/A<33»l5,9ltGl(33, 15 1 1 G2 ( 33 , 15) ,RO (33 ,l 51 , 2 HU( 33 , 15 ) 
COHMON/CGRIO/IHIN(33 )t I M AX ( 3 3 ) t IN, JN , INM , JNM , I E 
COP“ON/CNUMBR/NW,NF,NZML,NZMH, NZ MC ,N Z)!F , N 2PN, NP, NVT 
COHMON/C INDEX/ INDE ( 9) , INDG, INDRO , INDZMU 
CQPM0N/CCHECK/RSDU(9I,RP (9l,CC,DC,NMAX,NPRIN 
COPMON/CREFER/ROREF,PREF,ZMUREF,TREF,CFREF,TO 
C0PH0N/CC0NST/PR(9 I, ZMW( 3) ,CPJ(3 ) ,GCPM ,GC ,ZJC 
COPMCN/CHEM/STC.STOX.HFPtHFCOthFCQZfHFHaO.GLOBOl.ZEXi 3) 
COMMON/CYLI/JC1»JC2,IC,RADC1,RADC2,RADN,OCN,ON, JJC2, ICM, JC2H, JCIM 
C0MH0N/CX1X2/X1(33), X2( 151 ,0ELX1(33I ,DELX2(15) 
commcn/cvary/mhot,npunch,nreao»npres,ngri c 
COKMON/CIGNI T/I STAGl , I STAG2, JSTAG 
COMPON/CROWF/POWF 
COMHON/CZMUK/ZMUK 

COMMON/CPARAM/VINJ,VINP( 15 ) , TP ,PP, TJ . P J , PHI P , PHl J 
COMMON/CGLOB/ AGL0B(3 ) , 8GLOBI 3),ACTE(3) 

COHMON/CTIHE/TMAX 
COHHON/CENTHL/NENTHL,NSTRH 
DIMENSION AQ(33,15,1AI 
EQUIVALENCE (A(1,1,1),AQ(1,1,1M 

^ ^ ^ 4: « 4^ 4 « 4; 4> 4(^1 4m 4( ^ 4c # * 

c 

c 

DATA NHOT,NPUNCH,NREAD,NPRES,NGRID,NENTHL,NSTRM / 

I 1, 1, 5, 0, 1, 1, 1/ 

C 

DATA ISTAG1,ISTA62, JSTAG / 

1 11, 25, 8/ 

C 

DATA ROWF,ZMUK/ 

1 1.00, 0.012/ 

C ACTE IS ACTIVATION ENERGY IN CAL/MOLE 

DATA (AGLOBU 1,1 = 1,31 ,tBGLOBm , 1 = 1 ,3 ) , ( ACTE ( 1 1 , 1 = 1, 3 1/ 

1 2.6, 1.364, 3.95, 

2 2 . 0 , 11 . 0 , 10 . 0 , 

3 9. 195E03, 30.0E03, 68.869E03/ 

C 

DATA (VINP( J) ,J=1,15), PHIP, VINJ, PHIJ, TJ, TP / 

1 12*25.3,24.61,23.06,0.0, 

2 0.625, -315.0, 0.625, 540.0, 1080.0/ 

C 

DATA KHAX,NPRIN,INDG,1N0R0,IN0ZHU,TMAX / 

1 299, 150, 2, 2, 2, 420.0/ 

C 

DATA JN, IN, JCl, JC2, IC / 

1 15,33, 3, 6, 27 / 

C 

DATA RCREF,PREF,ZMUREF,TREF,CPREF,TO/ 

1 0.076, 2116.0, 0.0111, 530.0, 0.294, 536.67 / 

C 

DATA (RP(L1I,L1=1,9I, (PR(L2),U2 = 1,9) ,(ZHML3I ,L3=1,3»/ 

1 0.75,1.0, 0.2,0.2,5*1.0,9*1.0,44.09,32.0, 28.02/ 

C 

DATA (CPJ(L1),L1*1,3I,CC,0C,GCPM,GC,ZJC/ 

1 3*0.29, 0.0050, 1000.00, 1545.0, 32.2, 778.0 / 

C 

DATA NW,NF,NZHL,NZHC,NZMH,NZHN,NZHF,NP,NVT,IE/ 

1 1, 2, 3, 4, 5, 6, 7, 6, 9, 6/ 
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CATA STC »HFP, HFCOt HFC02» FFH20/ 

1 0.06409, -1012.6, -1696.4, -3844.1, -5770.8 / 

END 

PROGRAM CPJET ( I NPUT , PUNCH,! AP E6 , OUT PUT I 

C0MM0N/CVP/A(33,15,9),GI(3 3,15),G2(33,15) ,R0 ( 33, 1 5 ) , ZMU ( 33, 15 I 
COMMON/CP ARAM/V I NJ,VINP« 15 > , TP ,P P, T J , P J, PHI P , PHIJ 
C0MV0N/CX1X2/XK33I ,X2U5l,DELXll33I,DELX2tl5l 
COMMON/CNAME/ATITLE( 12 » , ASYMBL ( 1 2) ,ANAP6(€,10) 

CQWMON/CGB I0/IMI^M33 ), IM AX ( 3 3 W I N, JN , I NM , JNM,.IE 
COMMaN/ClNDEX/INOE(9»,INCG,INDRO,INOZMU 
COMMQN/CNUMBR/NW,NF,NZML,NZMH,NZMC,NZMF,NZMN,NP,NVT 
COMMON/CYLI/ JCl, JC2, IC, R ADC I , R ADC2 , R AON, DCN , ON , J JC2, ICM , JC 2M , JC IM 
COMMCN/CRAD/R( 15 \ 

C0MHQN/CC0NST/PR(9),ZMW( 3) ,CP J ( 3 ) , GCPM ,GC ,ZJC 
COMMON/C PsEFER/ROREF, PP EF, ZMIJREF, TREF , CPRc f , TO 
CnMMDN/CHEM/STC,STOX,HFP,HFCO,HFC02,HFH2O,GL0B(3», ZEX(3> 
COMMON/CNITER/NITER 

COMMON/CVARY/NHOT,NPUNCH,NREAO,NPRES,NGRI C 
C0MM0N/CCHECK/RS0U19> ,RPC9>,CC,DC,NMAX,NPPIN 
C0MM0N/CGL0B/AGL0Q{3»,6GL0B<3I ,ACTE(3| 

DIMENSION AQ(33, 15,141 
EQUIVALENCE ( A ( 1 , 1 , 1 ) , AQ C 1 , 1 , 1 ) ) 

c 

c 

(^4c444444 44t«444444t 4 44 4444C44 4444 4444 4c4 44 444444 4444444C4 44 444444*44444444444 

READ 101, ATITLE, ASYMBL, ANAME 
IF (NHOT.EQ.O) GO TO 60 
GO TO 61 

60 IE=2 
INDR0=1 
HC=0.0 

61 CONTINUE 

C4444 COMPUTE KINETIC PARAMETERS 
DO 62 1=1,3 

GLOB (I ) = AGLOBm4lo.O**BGLO0U I 
ZEX( I l = ACTE< n*l .8/1 .987 
62 CONTINUE 
INM=IN-1 
JNM=JN-1 
JJC2=JC24l 
1CM=IC-1 
JC2M=JC2-1 
JC1M=JC1-1 

C4444 SPECIFYING INDE4S 
DO 8 L=1,IE 
6 INOEfLI=l 

IE1=IE+1 
DO 9 L*IE1,9 
9 INDEIL»=9 

IF (NPRES.EQ.l) IN0E(NP)=1 
IF (NHOT.NE.O) GO TO 22 
DO 23 L*l,6 

23 ANAMEIL, 3)=ANAME(L,9) 

ASYMBLO ) = ASYMBL(9| 

GO TO 29 
22 N2=IE+1 

DO 27 L=l,6 

27 ANAME(L,NZ>=AKAME(L,8) 

ASVMBL(NZ)=ASYMBL(8I 
IFdNOEINPl.NE.n GO TO 29 
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G2(I, J)=0. 

AO(U 

2 CrNTlNUC 

Ci^*«<reai:) n*^p:ad values of di:p var from previous solutions 

IZ-IE 

IF (MPEAD.EQ.OI GO TO 12 
IZ=^NREAO 

READ 100»U(A(I, J»KI, I-ltIN>,J = l,JNI,K=l, IZI 
NITER=:1 

12 CONTINUE 

C 

PP=PREF 

IF (NHOT.EQ.O) TJ=TP 

PJ^PREF 

VT = 0.0 ‘ 

IF(INOE(NVTKNE,ll GO TO 46 
00 45 J=l,JCl 

45 A( 1C, J,NVT) = VT*R( J) 

46 CCNTIMUE 
CALL I NIT 
CALI HEADCT 
ITAB-IE+1 

IF (NMOT.EQ.OI ITAB=ITAB-1 
ITAB^e 

CALL SCLVCT (ITA8) 

IFIINOECNPI.EO.II CALL PRGSCT 
IF INHOT.EO.O) GO TO 92 
GO TO 92 
92 CONTINUE 

CALL PRINCT HTAB) 

IZ = 1E 

IF (NPUNCH.EO.O) GO TO 16 

PUNCH 100, M (A(I ♦ 1=1, INI, J= 1,JNI,K=1,IZ I 

16 CONTINUE 

IF(NITER.GE.NMAX) STOP 
ITAB=7 

CALL TABUCT (ITABI 
CALL PLOTCT (ITABI 
1 CONTINUE 

C CALCULATE HOLE FRACTIONS 

C SET NHOT =0 TO PREVENT T CALC IN PRINCT 
NHCT^O 

AFUI=A(1,1,NZMU 

203 DO 200 J=1,JN 

204 IL=IMIN(4) 

205 IH=IHAX(J) 

206 DO 200 I=lLtIH 

207 AFU=A{1, J,NZMLI 

208 AFC-A( I, J,NZHC) 

209 AH=A(I, J,NZMH) 

ACQ=1.9059»( AFUI-AFU)“0.636^AFC 
AH20=1.634*( AFUI-AFUM-0.00151 

F0X = AFUI/(PHIP*ST0X l-0.8B8*( AH2C-0.0015U-0.5712*AC0-0.727*AFC 

214 FN2=1.0-F0X-AFU-AC0-AH20-AFC 

215 TEMP=TO+( AH-AFU*HFP-AC0*HFC0-AFC^HFC02-AH20*HFH20) /CPREF 

216 ZMEAN=1.0/(AFU/ZMW(1 KF0X/ZHW( 21 ♦FN2/ZMW( 3)+AC0/28,011+AH20/18,016 
l+AFC/44.0111 

A( I, J, 1)=A( I, J,NZHU*ZMEAN/44.09 
A{ I, J,2I =A(I, J,NZMCl*ZMEAN/44.0l 1 
AC I, J,3I=AH20*ZMEAN/18.016 
AC I, J,4) = AC0^ZMEAN/28.011 
A(I, J, 51 =FOX*ZHE AN/32.0 


- 194 - 


N7 = ie« 2 
DO 2 0 l= lt6 

2 8 AN I , NZ > - AKA. { L . 9 I 
ASYNRL(NZ)=ASVi':JL(9) 

29 COMlNUr; 

IP IMGJaC.EQ. II GO TO 21 
DO 999 1=1, IN 

999 XI n I =C'.05*n,aAT( 1-1 1 
DO 990 J=1,JN 

998 X2(JI = 0.025«FL0ATU-ll 
GO TO 24 
21 FCT=1.37 

X2 (1 l-=0.0 
X212(=0. 016/12. 

X2(3)=6. 032/12. 

DO 900 J=4,JN 
IF U.GE.7I FCT=1.195 
900 X2U l = X2(J-l l*(X2(J-U-X2( J-2M*FCT 
FCTsl.O 
XII 1 1=0.0 
XI (21 = 0.500/12 . 

DO 910 1=3, IN 
IF (I.GE.6I FCT=1./1.36 
IF (I.GE.9I FCT=1.0 
IF II.GE.28I FCT=1.33 
IF (I.GE.31I FCT=1.00 
910 XI m=Xl( I-l I+(X1( I-ll-XK 1-21 l♦FCT 

24 DO 3 1=2,1 NM 

3 oELxim=o.5*(xni4-i)-xi(i-in 
DO 4 .1=2, JNM 

4 DELX2(JI=0.54|X2lJi-ll-X2IJ-lM 
DO 5 J=1,JN 

IFIINDG.EQ.lt R(Jt=1.0 
1FIINDG.EQ.2I P(Jt=X2(JI 

5 CONTINUE 

IF| INOG.NE-.l t GO TO 6 

C FOR PLANE FLOWS PUT THE CHAMBER RADII EQUAL UNITY 
RAOC 1=1.0 
RADC2=1.0 
RADN=1.0 
GO TO 7 

SPECIFYING CHAMBER DIMENSIONS 

6 RA0C1=X2(JC1I 
RACC2=X2IJC2t 
RA0N=X2(JNI 

7 DCN=X1(ICI 
DN=X1( IN ) 

C**** SPECIFYING IMIN*S AND IMAX#S 
DO 30 L=1,JN 
30 IHIN(LI=1 

DO 32 L=1,JC2M 

32 1MAX(LI=IC 

DO 33 L=JC2,JN 

C**** SETTING INITIAL VALUES 

33 IMAX(L>=IN 

DO 2 J=1,JN 
DO 2 1=1, IN 
DO 13 K=1,1E 

A(I, J,K|=-1.0E-78 

13 CONTINUE 

Al I, J,NFI=-5.0E-03 
GUI ,JI = 0. 
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Al I, J,6)rA(l ,J,NZMN»*ZME AN/30,0 
A( I, J,7»-TEMP/I.8 
200 CONTINUE 

CALL PRINCT(8) 

100 FORMAT (51E16.9I» 

10 1 F0P.MAT(12A6» 

STOP 

END 

SUBROUTINE INIT 

COMMON/CP ARAM/ VINJfVINPI 15 », TP , PP, TJ , P J.PFIP ,PHIJ 
C0HM0N/CVP/AC33»15,9t.,Gl(3 3, 15 I , G2 ( 33, 15 ) ,R0 1 33, 15 I , ZMUI 33, 15 1 
COMKON/CNUHeR/NW,NF,NZKL,N^MH,^Z^'C,NZMF,N^PN,NP,NVT 
C0MM0N/CGRI0/IMIN(33 I, IMAX(33»,IN, JN,INM, JNM,IE 
COWHON/CHEM/STC,STOX,HFP,HFCO,HFC02,HFH2C,GLOB(3I, ZEXI3I 
COMMON/C YL I /JC 1, JC2, 1C ,R AOCl ,R ADC2 , R ADK , OCN ,0N , J JC2 , 1 CM, JC2M, JCl M 
COMMON/CCONS T/ PR < 9 J , ZMW ( 3 » , CPJ « 3 J , GCPM , GC ,ZJC 
COMMON/CRE‘=ER/POREF,PREF,ZMUREF, TREF ,CPRF F,TO 
COMMON/C IGNIT/ 1 STAC 1,1 STAG 2, JSTAG 
COMMON/C VARY/MHOT, NPUNCH, NREAD, NPRSS, NCR I C 
CCMMON/CRAD/Rt 15» 

COMMON/C INDEX/ INOEI 9), INOG, I NORO, I NDZMU 

C CALCULATES DENSITY, ENTHALPY, FUEL MASS FRACTION, AND MIXTURE FRACTION 
C MASS FLOW PATE AT INLET PLANE OF APPROACH AND JET 

^1cm0***<lltlilH:***^lt:iK*^ti*<li**********:*l¥*********************************.*****: 

AFUSTC*STC/< l.+STCI 

FIPSTC*AFUSTC/M28.966/t0.79*28.016n*STC» 

F0XSTC=1 .0-AFUSTC-FI PSTC 
STOX=AFUSTC/FOXSTC 
C 

C FUEL MASS FRACTION A(I,J,NZMLI 
C 

XX=PHIP*STC 
AFUP*XX/(1.*XXI 
FN2=5,0>»3.77*2 8.016/PHIP 

FN2P=FN2/ ( A4. 094+5. 0*32.0/ PH 1P*FN2*5. 0*0. 012*18. 016/PHlP » 

XX=PHI J*STC 

AFUJ»XX/( l.+XXI 

FN2«5. 0*3. 77*28. 016/PHlJ 

FN2J*FN2/ (44. 094+5. 0*32. 0/PMI J+FN2 +5 .0*0. 012*18. 016/PHI J» 

DO 4 J-1,JN 
4 A(l, J,NZML|sAFUP 
00 8 J«1,JC1 
8 AdC, J,NZHLI«AFUJ 

IF(NREA0.GE.3I GO TO 22 
DO 2 J>1,JN 
II1*1MIN(JI 
I12*IMAX(4> 

DO 2 1*111,112 

2 A( I, J,NZML l*AFUP 
00 3 J*1,JC1 

3 A( IC, J,NZML>*AFUJ 

IF (NHOT.EQ.OI 60 TO 22 
75 00 14 J*1,JSTAG 

DO 14 l-ISTAGl,ISTAG2 
14 A(I, J,NZMLt*1.0E-07 
22 CONTINUE 

C 

c density rou,j» 
c 

HUMI0*0 .00151 
FH20*HUMID 
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F0XP=5l,0-Ar-UP-FN2P-FH20 

2MeAN=l.O/(ArUP/ZMW(ll*FCXP/ZMW(2l+FN2P/ZPW(3l+FH2O/18i0l6f 
ftOUt X )=(PP*ZMEAN»/(TP*GCPM» 

DO 5 J*1»JN 

II2=IMAXCJ> 

on 5 r=m»ii 2 

5 RO(I • j|=RO(l*l I 

F0XJ=1.0-«AFUJ-FN2J-FH20 - 

2MEAN=1.0/(AFUJ/ZMWm+F0Xj/Z«WC 2 » +FN2 J/Z KWf 3 ) ♦FH20/X8. 016) 
ROtICf l)*( PJ^ZMEANI/ (TJ+GCPM) 

00 7 JxiltJCl 
7 ROnCf J> = RO(IC,l) 

IF (NHOT.EQ.O* GO TO 21 
C 

C C02 MASS FRACTION A(I,J,NZMC) 

C 

IF(NREAD.GE.4) GO TO 23 
DO 31 J=1,JN 

II2=IMAX(J) 

DO 31 i=nuii2 

31 All, J,NZMCI=6.0 
00 43 J=l,JSTAG 

DO 43 I>=ISTAG1,ISTAG2 
43 AII,J,KZMCI=0.115 

23 CONTINUE ' 

70 CONTINUE 
C 

C enthalpy A(I,J,NZMH) 

C 

DO 50 J=1,JN 

50 A(l, J,NZMHI=CPREF*CTP-T0»+AFUP*HFP+FF20*HFH20 
DO 51 J=l,JCl 

51 A( ICr J,NZMH)=CPREF*(TJ-r0l+AFUJ*hFP+FH20*HFH20 
IFINREAD.GE.S) GO TO 24 

A( 1, lfNZMHI = CPPEF*CTP**-T0l4-AFUP*HFP+FH2C*HFH20 

00 9 J*1,JN 

II1=IMINCJ) 

II2=IHAXUI 
OQ 9 I»II1, II2 
9 Ad, J,KZMHI = A(1,1,NZHH) 

A( TCt l»NZMHI=CPREF*(TJ-T0M-AFUJ*HFP^FH2G*HFH20 
00 11 J=1,JC1 

11 AClCf J,NZMHI=AIIC,1,NZMH) 

24 CONTINUE 

C NO HASS FRACTION A(I,JfNZHNI 
IF(NREAD.GE.6I GO TO 25 
DO 32 J*1,JN 
1I1=«IMIN(J) 

II2*IMAXUI 
DO 32 I=III,II2 

32 A(I, J,NZMNI=0,0 

25 CONTINUE 
C 

C 

C MASS VELOCITY GIC I,JI 
C 

21 CONTINUE 

if(nread,ge.5) call OENSCT 
DO 17 J=l, JN 
GKl, JI^ROU, JI^VINPUI 


17 
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do 19 J-if JriH 

19 Gl ( ICt J>"POUCt J I*VINJ 
IFlNR£A0.GE.2t RETURN 

C 

C INLET VORTICITY 
C 

jj.j+1 

DO 30 J=JJ,JNH 

A( If J,NW(’»-A0Fll,J,2,15l/R<JI 
30 IF (AeS(MI,J,NWM.LT,1.0) AdfJfNUI^O.C 
C ■ 

C SWIRL VELOCITY A(I,J,NVTI 
C 

RETURN 

end 

SUBROUTINE HEAOCT 

COMMON/C INDEX/INDE (9 t , INDG. I NDRO, I NOZMU 
C0FH0N/CCHECK/RSDU(9 »,RP (9 JfCCtOCtNMAXfNPRlN 
COMMON/CREFER/ROREFfPREFf ZMUREFfTPL-FfCPREFfTO 
C0MM0N/CGRID/IMIN133I .1HAXI33I flKf .INflKM, JNMt IE 
COMHON/CCONST/PR (9 t, Z«W ( 3» ,CPJ (3 » f GCPH ,GC t ZJC 
C0>»M0N/CNAPE/ATITLE(12», ASYMPL<l2»fANAMEI6,lO» 
COMMON/CNUMBR/NWfNFfNZMLf NZMHf NZPCfNZMFfNZRNf NPfNVT 
COHHON/CYLI/JClf JC2f IC,RADClfRA0C2fRADNfDCN,0N»JJC2,ICM,JC2«t JCIM 
COHMON/CHEM/STCtSTOXfHFPfHFCOf FFC02,HFH20fGLOB(3»,ZEXI 31 
C0MM0N/CX1X2/XU 33» fX2( 151 ,OELXl <33» t OELX 2< 15» 
COMMON/CPARAM/VINJfVINPI 15 1 1 TP ,PP, TJ ,P J, PHIP t PHI J 

C AAHEAOING^A SUBROUTINE 

C THIS SUBR. PRINTS OUT SOME OF THE INFORMATION FED IN 

C********************i*********** ******************************* ********* 
PRINT 101, ATITLE 
IF(IN0G.EQ.2I GO TO. 3 
PRINT 901 
GO TO 4 

3 PRINT 902 

9 IFIINDZMU.EQ.2I GO TO 5 

PRINT 10 5 
GO TO 6 

5 PRINT 106 

6 IF( INDR0.EQ.2I GO TO 7 

PRINT 107 

GO TO 8 

7 PRINT 108 

8 PRINT 109 

00 10 K-lflE 

10 IFIlNOEIKI .EQ.ll PRINT 110, (ANAMEIL, KI,L*1, 8) 

PRINT 111, JN, IN, (J.IMINUI, IMAXIJI, J « 1, JNt 
PRINT 201, JC1,JC2,IC,RA0C1,RADC2,RA0N,0CN,0N 
00 20 I«l, IN 

20 xim>xim*i 2 . 

00 21 J«1,JN 

21 X2(JI«X2(J |4<12. 

PRINT 202, 1 1, 1 - 1, 111 
PRINT 203, (Xim, I > 1, 11 I 

PRINT 209, (X2(JI, J > 1, 11) 

IF (IN.GT.21I GO TO 50 
PRINT 205, (I,I>12,21) 

PRINT 203, (Xim, 1-12,211 
GO TO 51 

PRINT 205, (I, I * 12, 221 

PRINT 203, CXim, 1-12,22) 


50 
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51 

IF 

( JN.GT.llI 

PRINT 

20^, 

( X2 

U), J * 12, JN) 


IF 

( IN.GT .22 \ 

PRINT 

205, 

( I 

,I«23, INI 


IF 

irN.GT.22) 

PRINT 

203, 

1X1 

(II, 1*23, INI 


DO 

22 I*1»IN 






22 XI (n=Xl(I »/12. 
00 23 J=lfJN 


23 X2CJ)=X2(J)/12. 

PRINT ll2f (VINPU), J=l, JN» 

PRINT 113, VINJ, TP, PP, TJ, PJ, ROREF, PREF, 

I ZMUREF, TREF, CPREF, GC, ZJC 
PRINT 301,STC,ST0X 

IF ( INOE INZMHI ,E0. II PRINT 114, CPJllI 
IM-NZHH-NZHL+1 

IF (INDECNZMLI .EQ.ll PRINT 115, IM, ZMW, CPJ, ( PR (L I , L»NZML , NZMHI 

PRINT 116, CC, OC, NHAX 

PRINT 230, GLOBIl I, ZEX< II, GL0B(2) ,ZEX(2» 

230 F0RHAT11H0///,2X, AKINETIC REACTICN RATES CONSIDERED ARE*r/,2X,* — 

1 *,//, lOX,*RC3He=*,El4.8,43H MC3H8**1.0* 

2M02**0.5*MH20**0.5*R0**2.0/EXP(, F9.3,-f/TI LB/FT 3 SEQ* , // , *BC02=* , 
3E14. 8,41H HCO**1.0*M02**0.5*MH20**0.5*RO**2.0/'EXP( ,F9.3,*/TI Lfi/FT 
4 3 SEC*I 

101 F0RMATaHl,35X,43HFINITE-D.IFFERENCE ITERATION SOLUTION FOR/ 

236X,43h // 

320X, 12A6) 

105 FORMAT(1H050X,15HFOR LAMINAR AND I 

106 FORMAT! 1H050X, 17HF0R TURBULENT AKOI 

107 F0RHATI1H050X, 20HINCOMPRESSIBLE FLOW I 

108 F0RMATIlH050X,24HNON-UNIF0RM-DENSITY FLOW I 

109 F0RMATUH0//46H THE DEPENDENT VARIABLES BEING CONSIDERED ARE,/ 

246H I 

110 F0RMAT(1H040X,6A6I 

111 FORMAT! 1H024HTHE GEOMETRICAL DATA ARE/ 

225H / 

341X,44HJN, THE NUMBER OF ROWS ! 0 IRECT ION-2 1 =,13/ 

441X,44HIN, THE NUMBER OF COLUMNS < D I RE CTI ON-1 I =,I3// 

441X, IHJ, 11X,4HIMIN, 10X,4HIMAX//! IH 39X, 3! 12, 1 1 XI I I 


112 F0RMAT!22H1THE PHYSICAL DATA ARE/ 

222H / 

210X,50HVINP, INLET VEL. OF THE PRIMARY STREAM, FT/SEC= , 15F5. 1 1 

113 FORMAT ! 

210X,50HVINJ, INLET VEL. OF THE JET STREAM, FT/SEC= , FIO . 2/ / 

210X,50HTP(RI , PP(PSF), APPROACH INLET T AND P. = ,2F10,2// 

210X,50HTJ!RI , PJIPSFI, JET INLET T AND P..... = ,2F10.2// 

310X, 50HR0REF, REFERENCE DENSITY FOR THE FLUID ,=,F10.4/ 

410X,50HPREF, REFERENCE PRESSURE FOR THE FLUID =,F10.4/ 

510X,50HZMUREF, REFERENCE VISCOSITY FOR THE FLUID = ,F10.8/ 

610X, 50HTREF, REFERENCE TEMPRATURE FOR THE FLUID = ,F10.4/ 

710X,50HCPREF, REFERENCE SPECIFIC-HEAT FOR THE FLUID F 10. 4/ 

610X,50HGC, GRAVITATIONAL CONoTANT *.= ,F10.4/ 

710X,50HZJC, JDULE#S MECH. EOUI VALE''T FOR HEAT.... FIO. 4/1 

114 FORMATdH 9X , 50HREF ERENCE SP.HEAT FOR FIRST MASS COMPONENT 

1=,F10,4I 


115 FORMATdH 9X,50HIM, NUMBER OF MASS SPECIES BEING. CONSIDERED.. 

1=,I6/ 

210X,50HZMW^S MOLECULAR WEIGHTS OF SPECIES 1,2,3 ......=, 3F 10 .4/ 

310X, SOHCPJisS REFERENCE SP. HEATS FOR SPECIES 1,2,3 .... = , 3F1 0.4/ 

410X,50HPR*S TURB. SCHMIDT NUMBERS FOR SPECIES 1,2,3 ..*,3F10.4I 

116 FORMAT! 1H0///24H OTHER DATA SUPPLIED ARE/ 


224H 


// 



310X,50HCC, 

The 

CONVERGENCY 

CRITERION 


410X. 50H0C, 

THE 

DIVERGENCY 

CRITERION 


510X,50HNMAX, 

THE 

MAXIMUM NUMBER OF ITERATIONS..... 
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201 FOPMAH IH0»20X,22H JCltJC2,IC * , 3<I 3f IH, ) , 12HRCSPECTI VELY 

1 /lH0,20>.f 28H (<ADCltRADC2,RACN * # 3(F6. 3f IH, I ,5X, 

2 16HF7, respectively/ 

3 lH0f20X,l«5H DCh.ON » 1 21 F 6.3* IH* I « 5X, 

4 16HFT. RESPECTIVELY/I 

202 F0RMATtlHl,10X,l0H I OR J t 5Xf 11 ( 3Xt I2f 3X I > 

203 FORMATdH ,10X,10H XHII t5XflHF8.4M 

204 FORKATUK »10X,10H X2I.1I » 5X. 11 ( F8. A I I 

205 FCRHATI 1H0»10X,10H ! ORJ .5Xt 1U3X, 12f 3X11 

301 FOP.MATUOX, 

1 50HSTC. ISTC LB OF FUEL REACTS WITH 1 LB OF AIR 1 . = »F 10.4/ 10X» 

2 50HSTOX, (STOX LB OF FUEL REACTS WITH 1 LB CF 0X1,=,F10.4» 

401 FORMAT! 1H050X,24HIN CARTESIAN COORDINATES 1 

402 F0RMATI1H050X.26HIN CYLINDRICAL COORDINATES! 

RETURN 

END 

SUBROUTINE SOLVCT IITABI 

C0HM0N/CVP/A(33, 15, <31 .0 1 (33, 151,02(33,151 ,R0( 33. 15 1 , ZMU( 33,151 
C0M»^0N/CIN0EX/INDE(91, INCG, INORC, INDZMU 
C0MM0N/CCHECK/PSDU(91 ,RP(91,CC,0C,NMAX,NPPIN 
C0HK0N/C0R10/IMIN(331, IMAX( 33 1 , IN, JN , I N« , JNM , I E 
COMMON/CNAME/ATITtE ( 12 1 , ASYMBL ( 12 1 , ANAME( e, 10 1 
C0«MON/CNUMBP/NW,NF,NZML,NZMH,NZPC»NZHF,N2PN,NP,NVT 
COMMON/CNITER/NITER 

COMHON/CPARAM/VINJ,VINP(15 1 , TP ,PP,T J , P J, PUP, PHI J 
C0MH0N/CDI/01FMAX(9I ,IPT(91 ,JPT(91 ,IPTR(91, JPTP(91 
COMMON/CKVOPT/KVORT 

C0PH0N/CYL1/JC1,JC2, IC,RA0C1,RA0C2,RA0N,0CN,DN,JJC2, ICM, JC2K, JCIM 
COMMON/CTIME/TMAX 

C0PM0N/CVARY/NH0T,NPUNCH,NREAD,NPRES 
C0MM0N/CIGNIT/1STAG1,1STAG2, JSTAG 

common/centhl /nenthl ,nstrm 

[,^***^it:**^t*i^^c^*:*m**************m***********:tr**************************** 

C ^^SOLVE^sf subroutine 

c this subr. controls the iteration procedure 

Q*.^:■$i***^****i***r|^*t(^i^^^**********^^**l^********^************m*************** 

PRINT 101 
00 10 K=1,IE 

10 IF( IN0E(K1 .EO.l 1 PRINT 102, K, ( ANAME (L , K 1 , L « 1, 61 

PRINT 103, I ASYMBLIKl ,K=1, lEl 
NITER” 1 
NNN=NPRIN 
KV0RT=0 

CALL BOUNCTINWl 
I CALL HVELCT(NF1 

IF((NITER.E0.(NMAX-9ll,ANO.(NH0T.E0.111 NENTHL*! 

IF ((NITER. EO. (NMAX-ll 1 .AND. (NHOT.EO, 111 NSTRM=1 

IFKINOZMU.EO. 11. AND. (NITER. EQ. Ill CALL VISCCT 

1F(IN0ZMU.E0.21 CALL VISCCT 

1F(1N0R0.E0.21 CALL DENSCT 

CALL MVBCCT 

00 2 K*1,IE 

0IFHAX(K1*0. 

RS0U(K1*0. 

IF(IE.E0.6.AN0.K.LT.61 GO TO 2 

1PTR(K1«1 

JPTRIKl*! 

IF((NSTRH.EQ.21.AND.(K.EQ.21 1 GO TO 2 
IF((NENTHL.E0.2I .ANO.IK.EQ.NZHHI I GO TO 2 
0IFMAX(KI*0. 

RSCU(K1*0. 

IF(IN0E(K1 .EQ.ll CALL FOEOCT (K, I NOG 1 
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2 CONTINUE 

PRINT 104f NITER* (RSOUC Kl * I PTR( K I * JPTR ( K UK=1 * I E I 
IFCIE.E0.6I GO TO 300 
GO TO 34 

TF((NENTHL.GE.2) .OR.CNHOT.EO.On GO TO 30 
IF UBS(RSDUINiMHII.GT,.005> GC TO 30 
NENTML=2 
PRINT 61 

61 F0RMAT(5X**ENTHALPY HAS KET CONVERGENCE CRITERIA*) 

30 continue 

IF((NSTRM.GE.2K0R,(NH0T.E0.0l f GO TO 34 
IF (ABS(RSDU(NF»).GT..005) GO TO 34 
NSTRM^2 
PRINT 62 

62 FORMAT! 5X,*STREAM FUNCTION HAS MET CCNVERG CRITERIA*) 

34 CONTINUE 

IPTRR=IPTR(NW) 

JPTRR=JPTR(NW) 

PRINT 109* A( IPTRR, JPTRR,NW» 

300 RES=RSDU(6I 

IF(NITER.GT.NMAX) GO to 5 
IF(NITER-NNN)6*7,7 

7 NNN=NNN*NPRIN 

8 CONTINUE 
KV0RT=1 

CALL BOUNCTINW) 

IF(INOE(NP).EO.n CALL PRESCT 
CALL PRINCr (ITA8) 

PRINT 103* (ASYMBL(K) ,K*1, IE) 

6 CONTINUE 

C****PR1nT RESULTS OF FIRST ITERATION-IE VARIABLES 
IW*8 

NITER=NITER+1 

IF(<ABS(RES).GT.CC). OR. (NITER. LE. 211 GO TO 1 
IF (NHOT.EQ.OI GO TO 33 
GO TO 33 

IF ((NENTHL.E0.2).0R.(NSTRM,EQ.2)) GO TQ 32 

IF ( (ABSIRSDUCKZHHM ,GT. .005).CR.(ABS(RSDL(NF) ).GT..005) ) GOTO 1 
33 CONTINUE 

KV0RT*1 

CA.LL BOUNCT(NW) 

RETURN 

32 NENTHL*! 

NSTRM=1 

PRINT 121, NITER 
NlTER=NMAX-25 

NNN=(NITER/NPR1N)*NPRIN * NPRIN 
GO TO 1 

5 PRINT 106* NITER 
KV0RT=1 

CALL BCUNCT (NWI 

100 FORMAT (8(E10.3) I 

101 FCRMAT(1H1///10X*45HTHE FOLLOWING ARE MAXIMUM RESIDUES IN THE FIE* 
141HL0 CF INTEGRATION AT EACH ITERATION FOR..//) 

102 FCRMATdH 40X,I2*3H. ,6A6) 

103 FORMAT ( IHI* 30X* 35H. .NOTE . . PREFIX DENOTES RESIDUE// 

1117 H 0 ....N 0 TP left-hand-columns FOR FRACTIONAL DIFFERENCES* RI- 

IGHT-HANO-COLUMNS FOP CORRESPONDING ABSCLU7E DIFFERENCES/// 
26X*5HNITER*9(7X* IHR* A6)//) 

104 FOPMATdH ,6X * 13 *6 ( 1 PEI 2 .3 *2 13 ) ) 

106 FORMAT ( 32H0THE PROCESS DID NOT CCNVE;^GE IN*I5*13H ITERATIONS) 

107 FORMAT (46X , 4 ( 1PE12 .3 , 2 1 3 M 



108 FORMAT I 32H0THE PROCESS 010 NOT CONVERGE IN,F8.3.9H SECONDS! 

109 F0PMAT(1H+,105X, 1(IP£12.3»» 

121 FORMAT (35H0V0RT, STRM, FUMF HAVE CONVERGED IN.lSt 
1 13H ITERATIONS! 

RETURN 

END 

subroutine FDEOCTIK.INOG! 

C0MM0N/CVP/A(33, 15« 9) « G1 1 33US ! « G2( 33 1 15! «R0< 33, 15) ,ZKUI 33,15! 
C0MMDN/CC0Er/CE,CH,CN,CS,CI5 I 
C0MM0N/CCHECK/RSDUI9I ,RP(9),CC,DC,NHAX,NPPIN 
COMMON/CGRIO/IM.IN(33l, IMAXI33I ,IN, JN,INM, JNM,IE 
C0M«0»v/CNUHeR/NW,NF,NZML,NZMH,NZMC,NZHF,N2MN,NP,NVT 
C0HM.0N/C0I/DIFHAX(9I ,1PT(9I ,JPT<9! , I PTR <9 I , JPTPI9 ) 

COMMON/CYLI/JCl, JC2, IC,RA0C1,RA0C2,RADN,0CN,0N, JJC2,ICH, JC2H, JCIM 
CCMM0N/CXlX2/Xlt33) ,X2(15! ,OELXl <33),DELX2C15I 
C0M«0N/CZH/ZW,IL,1H 
C0MM0N/CRA0/R(15 ) 

COMMON/C PARAM/ VINJ, VINP ( 15 I, TP, PP,TJ,PJ, PUP, PHIJ 
WC1H(WK,0ELF,P0P,DELB0,RA0)= -OELF/ (329. *0X2*CX2* I WI<:*0X2+'rA0 )* 

1 ( ROP*(MK*OX2/3T. +P AD/ 19. )*DELR0*(WK *0X2/55. +RA0/3T. ) ) » 
WC2H(WK,ROP,OELRO,RAOI»-(RAO«-WK*OX2I* 

2 (R0P*(RAD/6,*WK*0X2/8. ! 

3 *OELRO*(R A0/8.+WK*0X2/10. I ! 

4 /(RAD*IR0P*(RA0/3.*5.*WK*DX2/24. I 

5 ♦CELR0*C5.*RAD/24.*3.*WK*DX2/20.I ! ! 
WC1V<DELF,R0P,0ELR0,ETA2!*-0ELF/UIETA2*DX1!**2!* 

I (R0P/3.+5.*CELR0/24.)) 

WC2V(R0P,0ELR0!*-(R0P/6.*0ELR0/8.!/(R0P/3.*5.*0ELR0/24. I 

C**4i**** ******************************************** ******************** 

c **finite-di.fference-equaticn** subroutine 

c* ********************************** ******** **************** ************ 
IPTP.(K|-2 
JPTR(K)=2 
IPT(K!=2 
JPT(K.!«2 
DO 10 J=2,JNH 
IL»IHIN( Jl+l 
1H»IHAX(J!-1 
IF(J.EQ.JC2)IH=IC-1 
DO 10 I>IL,IH 

IF.((K.E0.NW!.AN0.nj.EQ.3Cl).AND.II.EQ.(lC-l!!!! GO TO 100 
GO TO 110 

100 call CCEFCT (I ,J,NF, INDG! 

VV=A(I ,J,NF!*(CE*CVI+CN*CS) 

YYsVy-(CE*A(I*l, J,NF)*CW*A<I-1,J,NF!4-CN*A(I,J*1,NF! 

1 ♦CS*A(1,J-1,NF! ) 

Z«A(I,J,NH! 

A( 1, J,NM )=YY/RU) 

GO TO 222 
110 CONTINUE 

CALL SCRCCT(I,J,K, SOURCE, ZQ) 

CALL CCEFCT(I,J,K,IN0G| 

IFtK.NE.NHI GO' TO 999 

C*** INCORPORATING B.C. FOR VORTICIIY IN THE FINITE OIFF, FORMULATION 
C*** UP to STATEMENT NUMBER 999 
ZW*0, 

ZWMU»0.0 

IF((I.E0.IH!.AN0.(<J.GE.JC1I.AN0.U.LE*JC2)I ! GO TO 600 
CO TO 700 
501 LJKSsJ*! 

WKNS*FLOATll-INOGI 

RADNS*PAON 
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COKS=CN 
GO TO 656 
502 LJNS*J-l 

WKNS*FLOAT(INDG-l» 

RADNS=RADC2 
CONS=CS 
GO TO 666 
600 LIEli=H-l 
COFW=CE 
GO TO 555 

700 IF(J.EQ.JNM) GO TO 501 

IF((J.E0.Ur.2 + n >.ANO.(I .GE.ICM GO TO SC2 
GD TO 999 

555 0X1=ABS( X1(LIEW)-X1( I ) I 

A(LIEw;jfNW)=WClV(A( I, Jf NFI-A(LIEW,J,NF»,BO(LIEW,JJ , 

1 RO(I«JI-RO(L!EU,J», RCJM 

ZW=CQEW*WC2V(R0(LIEW,J)tR0 (I iJ)-R0(LIEVmJ )l 
ZKMll = ZWMU+ZW*ZMU (LIEWt J» 

GO TO 999 

666 DX2=ABS(X2(LJNS»-X2( J) ) 

A(I ,LJNStNW)=WClH(WKNS,A(I.J,NF)-A(ItLJNS ,NF I , RO ( 1 , UNS t t 
1 ROM fJ)-RO(I»LJNSIiRAONSI 

ZW=0.0 

ZWKU=ZWMU+-ZW*ZMU (ItLJNSI 
C*** END VORTICITV 6.C. SPECIAL FCRFOLATICN 
999 CONTINUE 

IFIK.NE.NFI GO TO 1 

IF ( (J.EQ.JCl) .AND.( I.EQ.( IC-in .ANO.t VINJ.NE.0.0) I GO TO 223 
GO TO 1 

223 A( I, J,NF )=A(IC,JC1 ,NF» 

GO TO 10 
1 CONTINUE 

CALL CONVECn ,J,K,AU,ZU» 

IFIK.EQ.NW) AU»AU*R( JI*R(J) 

IF(K,E0.NW» ZU=ZU*R<J»*R(J » 

ANUM=CE*Ct 2I*A(I4-1,J,KI+CW*C14 »*AII-1, J,K ) 

1 +CN*C( 3) *A(1 , J + 1,K)+CS*C < 5)*A( I iJ-l,K )+AU+ SOURCE 

ADKM=(CE+CW+CN+CS»*C(1 »+ZU+Z0 
IFIK.EO.NWI ADNM = ADNM-ZViHU 

IF((AONH.EQ.O.O) .OR.(ANUM.EQ.O.OI) GO TO 10 
4 Z^AdtJiK) 

A( It JtK>=ANUM/ADNM 

IF(ABS(A( It JtNZML n.LE.1.0E-210> A ( 1 1 J tNZ^<L t = 1 .OE-210 
IF JABStAntJtNFM.GT.2.0E-02> A 1 1 1 J t NF »=-3 .OE-03 
222 CONTINUE 

DIFsAC It JtK)-Z 
Atlt JtK)=2fRPlK»*DIF 

AB=0.25*(ABS(A(I+lt JtK )l «ABS ( A ( I- 1 1 J t K l> «■ ABS( A ( I t J4-1 1 K 11 
1 ♦ABS(A(I tJ-ltKM » 

IFnA(l,J,KI.E0.0.0>.0R.(A6.E0.0.0n GC TO 10 

RS = DIF/A( It JtK I 

RSN=D1F/AB 

IFIABSIRSMI .LT.ABS(RS) ) RS=RSM 
IF(ABS(RS>.GT.ABS(RSDU(Kn » GO TO 55 
60 TO 54 
55 RSDU(K»=RS 

IPTR(K)=1 
JPTR(KI=J 
54 CONTINUE 

IF(ABS(DIFI.GT.ABS(0IFHAX(KI II GO TO 52 
GO TO 10 

52 0IFMAX(K)*01F 
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IPT(K)=T 
JP T(K»=J 
10 CCNT INUP 

CAU. r,CUNCT(KJ 

RETURN 

tNO 

SUBROUTI NE SQRCCTtl , J , K , SOURCE , 2 C I 
COMMON/C NT TER /NI TER 

COMMON/C PARAM/V I NJ,VINP( 15 • t TP » PP, T J , P J » P HP , PHIJ 
CQMMON/C VP/A ( 33 » 15, 9 I, GU 33, 15 1,02(33,151 ,RO (3 3 , 15 > , 2MU ( 33, 15 • 
COMMON'/CNUMBR/NWtNF ,N7ML,N7MH,A7KC, NZMF,NZKN,NP,NVT 
COMKON/CXIX2/XK33 ), X2(15),DELX1(33),DELX2( 15 » 

C0MM0N/CPAD/R(15» 

CnMM0N/CC0NST/PR(9) , Z^IWC 3) ,CP J ( 3 ) , GCPM , GC ,ZJC 
COPMON/CHEM/STC,STOX,HFP,HFCa, HFC02,HFH20 ,GLOS ( 3 » , ZE X ( 3) 

COMMON/C I NDL-X/INDE (9 1 ,TNCG,I NCRO, INDZMU 
COMMON/C RE FE R/RORE F,PREF,Z MURE F, TREF ,CPRE F,TO 

C ?f^SOURCE*tt “ TERMS SUBROUTINF 
C SOURCE TERMS IN FINITE DIFFERENCE FORM 

0 1 4c 4c « 4c ^ 4c 4c 11^ « 3(r 4c 4c A * <c 4 )(C # « « 4c ifr 4c 4 <C Xr 4: 4= A « 4c « « 4: * ♦ ’t: * « 4c « 4c * « * 

GO TO ( 1,2,5,5,3,5,5,3,41 ,K 
C4c4c4r*4c FQR VORTICITY 

1 S0URCE=0. 

nEN=16.0*DELXin >*0ELX2( J»/(R( JK + 2 1 
S1=R0(I, Ji-lH-ROd, Jl 

51 = Sl«lVS2(l4-l,J»-VS2(I-'l, J)+VS2(I+1,J+1)-VS2(I-1, J + 1) ) 

52 = P0(I, J-1)+R0( I, J » 

S2=S2*(VS2(I-1,J>-VS2(I + 1, J)4^VS2(I-Z,J-U-VS2(I + 1,J-1M 
S3=R0(I + 1,J> 4^P0( I, J> 

53 = S3«(VS2(I, J-1 )-VS2(I,J+l»+VS2(I+l,J-l)-VS2(l4-l,J4'l) I 
S4=R0n-l , J» +RC( I , J I 

54 = S4*( VS2( I , J+1>-VS2(I , J-1) +VS2(I -1, J + 1) -VS2(I-1, J-1 ) ) 
S0UPCE=S0URCE+-(SH'S2 4-S3 + S4 )/0EN 

IF(INDE( NVT> .EQ, 1 I S OURC E= SOUR CE + ( RO ( I 4 1 , J »♦ ( A (T 4 1 , J , N VT l**2l 
I -R0( 1-1, J >*( A( I-l , J,NVT)<'*2» »/((Xl(l4l)-Xl(I-l)|«P(J)) 

ZQ=0. 

RETURN 

C4c«4^4.4c for STREAM FUNCTION 

2 SOURCE = A(I,J,NWM=R(JI 
Z0=0. 

RETURN 

C4c*4c + 4c for MIXTURE FRACTION AND ENTHALPY 

3 S0URCE=0. 

ZQ=0. 

RETURN 

C4C4C4C+* FOR SWIRL VELOCITY 

4 20=0, 

SOUPCE=0,0 

RETURN 

C4c4c4c4ci^4t« for mass FRACTIONS 

c 

C COMPUTE TEMP AND MOLEC WEIGHT 
C 

5 AFU=A(I, JiNZMU 

IF(AFU,LT.0,0> AFU=0.0 
AFC=A(I, J,NZMC> 

IF(AFC .LT.0.0) AFC=0.0 
AH=A( I, j,Nzr'*nn 

AC0=1, 9059*( A( 1, 1,NZML >-A( I, J, NZML » 1-0 .63 6*aFC 

ir (ACO.LT.-5.0E-05) ACO=-5.0E-05 

AH20=l .6 34+( A( 1, 1,NZML J-A( I, J.NZML )) 40.00 151 
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FOX^^AC I, ItNZML 1 / IPHI P* STCx 80 8* < AH2 0-0 .00 15 1 1 -0 •SYl Z’^^ACO-O. 727* 

lAf'C 

IF(F0X.Lfc.O.0> F0X=0.0 
FlP^l.0-FQX-AFlj-AC0-AH20-ArC 

TtMP = T0<-(AM-AFU+HFP-ACO*HFC0-AFC*HFCC2-AH20<^HFH20>/CPREF 
IF (TlfPP,LT.300. J TEMP = TRcF 

7.MFAN=1 .0/(AFU/ZMW( 1)+F0X/ZMW( 2) +FIP/ZFW( 2 )+ACC/28 . 01 H-AH2C/18.016 
l-fAFC/^A.Oin 
C COMPUTE SOURCE TERMS 

SORC^ (PP>EF*ZMFAN )/(TEMP«GCPM ) 

IF(K.E0.3» GC TO 10 
IF(K.EQ.4> GO TO 11 
IF(K.E0.6) GO TO 12 
C FUEL mass FRACTION 

10 CONTINUE 

IF(AFU.LE.O.O) GO TO 350 
S0RC = SCRC’»^*0.5 
SORC=SORC*GLOP< 1 ) *AFU*«0,5 
SORC = -SORC/EXP(ZEX( 1 1/TEMP 1 
ZQ=-IS0RC/AFU1*R(J| 

SOURCE^O.O 

RETURN 

C C02 MASS FRACTION 

11 CONTINUE 

IFrAH20.LE.0.0.0R.F0X.LE.0.0) GO TO 350 
AC0=1.9059*( All, 1,NZHU-A(I, J,NZMLN-0.63 6*AFC 
S0RC=S0RC**2.0 

SORC=SCRC*GLCP (2 1 *FOX**0 .50<^ AH20*5'*0 . 50 

S0RC = S0RC/lEXP(ZEX(2»/TEr'PM 

S0PXS=l.90 59*( A< 1, ItNZML >-A( I ♦ J,NZMU »*SCRC 

SOUPCE=SORCS^R(JJ 

S0RCZ = 0, 636*AFC<< SORC 

Z0=(S0RCZ/AFC)*R(J) 

A(I» Jf71=AC0 
A( It J,81==S0RCS 
At I, J,9) = S0RCZ 
RETURN 


C NO MASS FRACTION 
12 CONTINUE 

IF(ACO. LE. 0.0. OR. AFC. LT. 0.000001 I GO TC 350 
SDRC=S0RC**2.0 

S0RC=SCRC*G10B(3 P«FlP*FCX*ACO/AFC 
SOPC = SORC/(EXPtZEX(3»/TEKPI » 

SOUPCE=SORC*R( J) 

ZQ=0.0 

A(ItJf71=S0RC 
RETURN 
GO TO 450 


350 

450 


ZQ=0.0 

S0URCE=0.0 


IF IK. 60.41 A( I t Jt71=n.0 
IF(K.EC.4| A(ltJt9)=:0.0 
IF(K.EC.61 A(I»Jt7)==0.0 
IF(K.EQ.41 A(I fJ, 81=0.0 
RETURN 
ENO 

SUPKOUTINE CDEFCTt It JtK.TNOG) 

CC^'M0N/CXIX?/X1(33 1,X2( 1 5 1 1 CEl. X 1 ( 3 3 1 1 DEL X 2 ( 15 1 

COMMOM/CVP/A (33t 15t9 1 ,Gl(33t 15 1 1 02(3?t 15 1 tR0(33f 15 1,ZMU( 33t 15) 

COHMON/CCOr-r /CE t C W ,CN tC S ,C ( 5 ) 


CCMMON/CCONST/PR(9)t2MW(3),CPJ(3)tGCFM,GCTZJC 
C0MMPN/CRAD/R( 151 
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Ctl«•10N/CNUMf.R/N'.;^N^,NZ^1LfN^MH,NZ^'C tNZMF t N Z^'^if NP f NVT 
COMMOM/CYLI/JCl, JC2t I C» RAOCl i R AOC2 1 R AON, DCN, DM , JJC 2f I CM, JC 2M» JC IM 

C ♦XCOEPFICIFNT** (FOR DIFFUSION TER MS I SUBROLTIME 

^^tiilf^t**‘*‘***'***************^«******‘**‘***t‘***********'^**’t‘-***»-'(f****‘***<i'**^IHf 

SUBSCRIPTS 1,2, 3, ^,5 REFER TO POINTS P,E,N,W,S RESPECTIVELY 
DIMENSION B<5I 
DO 16 L=l,5 
16 C( LI =1.0 

IFKK.NE.NWI .ANO.IK.NE.NPI » GO TO 2 
C«««c*4c. for VORTICITY 
B( 1I»R(J )**3 
B(2I = BM » 

B<3I=R(J«-1I**3 

6(AI=Rfl) 

B(5I=R(J-1 I**3 
Cl 1I=ZMU(I ,JI 
C(2)=ZMU(I+1,JI 
C(3) = ZMU(I ,J+1 I 
Cl A»=ZMU(I-1,JI 
C(5)=ZMU(I,J-1) 

GO TO 20 

2 IFIK.NE.NF I GO TO 3 

for stream FUNCTION 
BUI=1./(R( J»*RO(I, J M 
B< 2I = 1./(R( J)*PO(I*I,JM 

B.(3) = 8.0/( (R(J I+R(J + 1I l*(ROI I , J I +RO(I , J+ 1 1 M -B (II 
B(4l=i./(R(JI*R0(I-l,JI I 

e(5I=8.0/( (R( JI>R( J-II )*(RC(l,JI+RO(I, J-I III-B(1 I 
GO TO 20 

9 IFtK.NE.NVTI GO TO 15 

FOR SWIRL VELOCITY 
B(1I=ZMU(I,JI*R(JI**3 
B(2I=ZMU(I*I,JI*R( Jl**3 
B( 3I=ZMU( I,J+1 I*R(J+II**3 
B(AI=ZMU(I-1, JI*R( 

Bt 5I = ZMU( I ,J-1I*R( J-II**3 
C(1I = 1 ./(R(J I*R( J I I 
C(2I=C(1 I 

Ct3I=l./tR( J*1I*R( J+1) ) 

C((H=CU I 

IF(R( J-II,GT.O,OI C(5I=I,/(R(J-1I*RU-II I 
IF(R(J-1).E0.0.0I C(5I=0.0 
GO TO 20 

C**** FOR MIXTURE FRACTION AND ENTHALPY AND MASS FRACTIONS 
15 B( 1I=ZHU(I,JI*R( JI/PR(K) 

B(2)=ZMU(I+1, J I*R( JI/PR(KI 
B(3I=ZMU(I ,JHI*R( J+1 l/PP(KI 
B(4)=ZHun-l,J)*R(J)/PP(K) 

B(5I=ZMU(I ,J-1 l♦RlJ-ll/PR(K• 

20 CONTINUE 

C***** FOR ALL OEPENOFNT VARIABLES 

CE=(et2l+B(lI l/( (Xltl + H-Xl( II I*2.*DELXl( III 
CW=(8( II tBlAI I / ( ( XI 1 1 l-XK I-II l*2.*0ELXI ( III 
CN=( B(3I+B( II I/((X2(Jtll-X2IJI I*2.*DELX2( Jl I 
CS=(B(1|*B(5I l/( (X2( JI-X2C J-II K2 . •0ELX2 ( J I I 
RETURN 
END 

SUBROUTINE CCf.'VEC ( 1 , J, K , AU , ZU I 

C0KK0N/CVP/A(33, 15. 'll, Gl( 33, 151,02(33,151 ,P0 (33 ,1 5 1 , ZMU(33 , 1 5 I 
C0MMCN/CX1X2/XK33 (,X2(15I,0CLX1(33I,..-LX2( IS I 
CCMH0N/CNUMBR/NW,NF,NZML,NZMH, NZMC.KZXF, N2MN,NP,NVT 
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COMHON/CYL I/JCl, JC2» ICtRADCltRAOC2iRADN,DCNtDNt JJC2f ICMt JC2H» JCIM 
CC^'^•.ON/CRAt)/R(15 t 
CDKMON/CZW//W,IL ,IH 
COMMON/CCD'=F/CE tCW,CN,CS tC(5 » 

COMMON/CGRIIVIMI N( 33 I , I M 4X ( 33 » , I K, JN, I NM, JNM , I E 

C ***>»♦ 1(1!. If. *1)1 «««***X!#*<!*« **♦*#****♦«*♦♦*<( 

C #4CrA‘V'ECTI0N«‘Y - TERM SUBROUTINE 

C TANK-AND-TUBE FORMULATION OP TFE CCNVECTTDN TERMS 

**>ll* *****<. ****l(iK'** ♦*** ****♦♦♦* ************** iji* ****♦*♦*♦ <1 ****•♦<: ♦* 

AU=0.. 

ZU=0. 

IFIK.EO.NF) GO TO 12 

DX12 = 1./ (A.^'DELXl ( I l*DELX2 (J ) » 

GM1E = DX12*=(A ( 1 ,J + 1,NF)-A( I ,J-1,NFH-A( I +1, J+1 ,NF)-A(I + 1, J-1 ,NFU 
GM1W = DX’12*(A{ I,J«-1,NF l-A( I,J-1,NF)+A( I-l, J+1,NF)-A( I-l , J-liNFJJ 
GM2S=-DX12#I A(I«-1,J,NF»-AI I- 1 , J , KF M-A ( I ♦ 1 , J- I, NF I -A (I- It J- 1 ,NF M 
GM 2N=-DX12*{ AI I + 1 , J, NF » -A( I - 1 , J, NF ) ♦ A ( 1 + 1 i J+ 1 , KF » -A < I -1 , J + 1 ,NF ) ) 

C 

IF(GMIW) l,3t2 

1 ZU=-GM1W 
GO TO 3 

2 AU=GMlW*A(I-l,JtK» 

3 IFIGM2S) A,6,5 

4 ZU=ZU-GH2S 
GO TO 6 

5 AU=AU«-GM2S*A(1 

IFMK^EO.NW) .AN0.(J.E0.(JC2+1) i.AND.I I .GE .IC n GOTO 501 

6 IF(GMlE»7,q,8 

7 AU=AU-GM1E*AI I+l,JfK) 

60 TO 9 

8 ZU = Z1J+GM1E 

9 IF(GM2NU0»llf 11 

10 AU=AU-GM2N’«'AII *Jn,KI 

IFKK.EQ.NWI .ANO.U.EQ.JNMII GO TO 504 
RETURN 

11 ZU=ZU^GM2N 

12 RETURN 
C 

5Q1 2U=2U-GM2S*ZV(/CS 
GO TO 6 

502 ZU=ZU+GM1E*ZH/CE 
GO TO 9 

504 ZU=ZU4-GM2N#ZW/CN 

RETURN 
END 

SUBROUTINE OENSCT 

COMMON/CPARAM/VINJtVINPI 15 I f TP , P P, T J , P J , P HP , PHIJ 
COMMON/CVP/AI 3 3, 1 5, 9J , G 1 ( 33, 15 1 , G2 ( 33 , 1 5 1 ,R0( 33 , 1 5 » , ZMU( 33 , 1 5 I 
COMMON/C INDEX/ fNDE (9 » , I NCG, I NDRO , INDZHU 
COMMON/CPEFEP/ROREF, PREF ,ZMUREF, TREF CPREF.TO 
CONMON/CGRID/IMINI 33 ) , IM AX ( 3 3 1 , 1 N , JN , I KM , JNM , I E 
C0MM0N/CC0NST/PRI9 (, ZMW I 3 » , CP J ( 3 I , GCPM , GC ,ZJC 
COMMON/CNI TER/NITER 

CC.MMON/CNUMbR/NW,NF,NZML,NZMH,NZMC,NZMF,NZPN,NP,NVT 
COMNON/CHCM/STC,STOX,HFP,HFCO, FFC02, HFH2Q ,GLOB ( 3 1 , ZE X( 31 
CCMMON/C ROHF/RCWF 

^ «3fe aj: ♦ ft + 

C /itDENS SUBROUTINE 

C MIXTURE density CALCULATION 

C*** ft ftft ft <»ftft*ftftftftftft ft ft ♦*♦**♦ ft ftftftftftftt ♦♦♦*♦♦♦♦** ft ftftftftftt^+ftftftft+ftft+ftft+ftft^ft** ft* 

DC 40 J=l,JN 
IL'IMINt J» 


I 
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IK=1MAX( J I 
DO e,0 I=IL,IH 
Af U-A(1,J,MZHL) 

ArC=A( It J.NZMC) 

ACCi---l.9059«'( A( 1, 1,NZML»-AFU»-0.636*AFC 
AH20=1.6 34 o( A( 1, 1,NZML)-A( I t Jt KZ ) *0.00 151 

FOX=Aa, ItNZHl )/ ( PH I P*STCX >-0.68 84 (AH2C-0. 0015 11-0. 571 a>!'AC0-0.727<' 
lAfX 

FIP=1.0-FOX-AFU-ACO-AH2G-AFC 
IFlAFU.GT.l.l Al-U=1.0 
IFtAFC.GT. 1. I AFC = 1.0 
1F(AC0.GT.1. > AC0=1.0 
IFlFOX.GT.l. ) F0X=1.0 
IKAH2Q.GT.1. ) AH20=1.0 


IF(AFU.GT.-1.0E-05) 

AFU=0.0 

CONT INUe 

GO 

TO 

15 

IF(APC.GT.-1.0E-05) 

AFC=0.0 

GO 

TO 

17 

17 CONTINUE 




IF (F0X.GT.-1.E-05 1 

GO 

TO 

20 


FOX=0.0 

20 continue 

AH=A(ItJ,NZMH> 

TE>*P=TC«- (AH-AFU»HFP-AC04HFC0-AFC*HFC02-AH204HFH20>/CPREF 
1F{T£MP.GE.300.) GO TO 50 
TEMP=TREF 
50 CONTINUE 

ZMEAN= l.O/I AFU/ZHW( 1 )*F0X/2HW( 2) ♦F1P/ZMW( 2H-ACC/28.011+AH20/18.016 
1+AFC/44.011I 

D£NSTY=(ZMEAN*PREF) /(GCPP4TEMP) 

R0(I, J > = ROWF*OENSTY + < 1.0-R0WFI*R0( I, JI 
40 CONTINUE 

RETURN 
END 

SUBROUTINE VISCCT 

COMM0N/CVP/A( 33, 15, 9 ) ,G 1 ( 33, 15) , G2 ( 33 , 1 5) ,R0( 33,1 5 I , ZMU< 33 ,15 ) 
COMMON/C INDEX/ I NOE (9 I, INDG, INORO, INDZMU 
C0MM0N/CREFER/R0REF,PREF,ZMUREF,TR£F,CPREF,T0 
COMMON/CGRIO/ININI 33) , I MAX (331 , 1 N, JN , I NM, JNM , I E 
C0MM0N/CNUMBR/NW,NF,NZML,NZMH,NZMC,N2MF,NZMN,NP,NVT 
COMMON/CYLI/JCl, JC2,IC,RADC1,RADC2,RADN,DCN,DN,JJC2, ICM, JC2M, JCIM 
C0MM0N/CPARAM/VINJ,VINP( 15),TP,PP,TJ,PJ,PHP,PHI J 
CCMMON/CZMUK/ZMUK 

COMMON/CX1X2/XK33I ,X2(15I ,DELX1(33I,DELX2(15I 

Hf:tl*tl,t,ti**<******************** *’******* ************* ************* 

C F*VISC0SITY4F SUBROUTINE . 

C MIXTURE VISCOSITY 

Z*** ********************************** ********************************** 

IFIINOZMU.EO.I I GO TO 20 
ZMP=2.4( At 1, JN,NFI-A(1,1,NFM 
ZMJ=-2.*tA(IC, JC1,NFI-A( 1C,1,NFI ) 

IFtINDG.EO.ZI ZMP=ZMP*3. 14162 
lFtINOG.EQ.2) ZMJ=ZHJ43. 14162 
VINPSUM*0.0 
00 40 J=1,JN 

40 V1NPSUM=VINPSUM+V1NP( JI 
VPMEAN=VINPSUM/FL0AT(JN) 

ZMVV=ZMP4VPMeAN**2«-ZMJ*VINJ**2 

IFt INDE(NVT) .EO. 1) ZMVV=ZMVV+ZMJ*( A O . JCl -1 , NVT) **2 I 
ZMVV=ZMVV440 .33333 

AA*ZMUK*t t 2.4X21JNI 1 4*0. 666667 I* ZMVV/ t (DCM**© .333331 



- 208 - 


do 10 J=lrJN 
iL=inrr.(>M 

DC 10 I=U.,IH 

r.nn i ,ji==aa<'(fo( 66666/ j 

10 CONTIK'Ol- 

GO TO 30 

20 DO 21 .1=1, JN 
lL=TfiIN(Ji 
lW=iMAX(OI 

DO 21 I=IL,IH 
ZMU£ I,J»=ZMUP.£F 

21 CONTINUE 

30 CONTINUE 

RETURN ■ 

END 

FUNCTION Td’.JI 

C0MM0N/CVP/A(33t 15, 9 I , Gl ( 33, 15 I , G2 ( 33, 15 ) ,R0< 33, 1 5 1 1 ZMU( 33 , 15 » 
COHMON/CNUMBP/NW,NF,N2ML,NZMH,NZf'C,N2HF,M2HN,NP,NVT 
C0iM0N/CC0NST/PR(9»,ZMW(3) ,CPJ(3I ,GCPM,GC,ZJC 
COMMON/C RE FER/ROREF, PREF,ZMUREF, TR EF , CPRE F, TO 
CONMPN/CHEM/STC, STnX,MFP,HFC0,HFCC2,FFH20,GL0BI3 I, 2EXI3I 

tit *tttf#tfi»i*****‘**********^** ************:****’* *************tf**********t‘ 

C TEMPERATURE CALCULATION 

C»*i^*i*‘*’t‘**********K-********‘l‘*t‘** ******************************** ***.4:**** 

AFU=A( I, J,NZNL » 

AFC = An, J,NZMC) 

AC0=1.9059*( A( 1, 1,NZMU-AFU)-0.636*AFC 
AH20=1.63A«< A<1,1,NZML I- A( I , J , NZML I M-0 .00 151 
AH=AII ,J ,NZMH» 

TFMP=T0*(AH-AFU*HFP-AC0*HFC0-AFC*HFC02-AH2C*HFH20) /CPREF 

T=TEMP 

RE TURN 

END 

FUNCTION VS2<I,J» 

C0HMnN/CVP/A«33,15,9»,Gl(33,15»,G2(33,15l ,R0 ( 33 , 15 ) , ZMU ( 33 , 15 ) 

VS 2 >(G1( I,J i*Gl( I, J H-G2C I ,J )<«G2( I ,JI ) /( RO ( I , J > «R0 ( I , J 11 

RETURN 

END 

SURROUTINE MVBCCT 

CCMMON/C VP/A ( 33, 15,91 ,G1 (33 , 15 I , G2 ( 33 , 15 1 , RO ( 33, 15 », ZMU I 33 , 15 I 

CCMMON/CGR ID/IMINt 331 ,IMAX(3 3) , 1 N, JN , I NM , JNM , I E 

COMMON/CP ARAM/ VINJ,VINP( 15 I, TP , P P , T J , P J , P HI P , PHIJ 

COMMON/CPEFEP/ROREF, PRFF, ZMUREF, TR EF , CPRE F,TO 

C0MMDN/CNUMBP/NH,NF,NZML,NZMH,NZMC,NZMF,N2MN,NP,NVT 

CCMMON/CYL I/JCl, JC2, IC,RADC1,RADC2,RA0N,CCN,DN,JJC2,ICM,JC2M, JCIM 

CPMM0N/CC0NST/PRI91 ,ZMW(3) , C P J ( 3 ) , GCFM , GC , ZJC 

COMMON/C XI X2/XK 33 ) , X2( I 51 ,DEL XI ( 3 3 1 ,DE L X2 ( 1 5 1 

C0MMCN/CRAD/R(15 I 

COMMON/C 1 NOE X/ I NOE ( 9 1 , 1 NOG , I NDRO , I NC ’.HU 
DIMENSION AOI 33, 15, 14) 

ECUIVALENCE ( A ( 1 , 1 , 1 I , AO (1 , 1 , 1 ) I 

C A4HASS-VEL0CITY-B0UNDAPY-C0NDITI0N44 SUBROUTINE 
C THIS SUBF. CALCULATES Gl, G2 ON THE flOUNCAR lES 

[*************** ******^*************** ****************** ****^**********t 

C 

^* ************************************************************** ******** 
C UNIFORM INLFT-VELOCITY DISTRIBUTIONS... 

C ZERO AXIAL GPAOIENTS OF STREAM FUNCTION AND VORTICITY AT EXIT 
C VEXIT IS THE MEAN: VELOCITY AT EXIT 
(;*********************************************************************** 


I 
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00 31 J=.MC2,JNM 

GKIMi J» -/.Of (INt Jt2tNf l/R( J» 

31 CONTINUE 

BB«l./(l.-((X2(2t-X?.U» I/(X2(3»-X2C1I» >**2» 

DO 10 1-2, KM 

10 Glir, ll=Pf)«GHI, ai-lBB-l.lfGH I,3» 

P.FTURN 

KMO 

SUBROUllHF MVELCTlNfl 

C0MM0N/CV(»/A<33, 1S,9» ,Gl 133,15 »,G2(33, 15» ,RO(33, 151,2^0( 33,151 
COMMON/CPAO/R< 15 » 

CQMM0N/CGKID/1HIN(33 », IMAX(33», IK,JN,1NM, JNM, IE 

C0««0N/CYU/JC1,JC2, IC,RA0CI,RA0C2,RA0N,DCN,0N,JJC2, ICM, JC2M, JCIM 

01.YEfMSI,0N AQ(33, 15,141 

EOUI VALENCE (A<1,I,1I,AQ(1,1,1II 

C*-’lf********‘**********'*i****«*^**tr*i**********************************’^****-- 

C A^KASS-VELOCITV** SUBROUTINE 

C This SUBR. CALCULATES G1 AND G2 AT ALL POINTS NCT CN THE BOUND. 

C**t**<f******>l‘***»:*********:t’K'****'****»'***K--*********t‘******1l*'l‘*********** 
00 10 J=2,JMM 
IL-IM1N(J 14^1 
IH»lMAXt JI-1 
IF(J.E0.JC2» IH=IC-1 
00 10 I=1L,IH 
Gin ,J>=AOFt I, J,2,NFI/Rt Jl 
10 G2(I,JI»-(ADF(I,J,1,NFI/R( Jl) 

RETURN 

END 

SUBROUTINE PRINCT IITAB) 

C0MM0N/CX1X2/XK33 l,X2( 15I,0ELX1(33I,DELX2(15» 

COMMON/C VP/A ( 33, 15, 91, G1 (33, 15 I, G2( 33, 15 I ,P0 (33, 15 I , ZKU( 33, 15 1 
C0.MM0N/C INDEX/ INOE ( 9 J , INDG , I NORO , I NDZMU 
COMMON/CNUHBR/NW,NF,NZML,NZMH,NZMC,NZMF,NZMN,NP,NVT 
C0M«0N/CGRI0/IKIN(33» , IMAXI33I , I N, JN, INM, JNM, IE 
COMMON/C NAME /ATI TLE( 12 ) , ASYMBL 1 12 I ,ANAME ( f ,l 0) 

COMMON/CNITER/NITER 
COMMON/C VE XI T / V£ XI T 

COMMON/CPARAM/VINJ,VINP( 15 » , TP ,PP,T J ,P J ,PHIP, PHI J 
COMKON/C REFFR/RORcF,PREF,ZMUREF,TREF,CPREF,TO 
COMMON/CRAO/R( 151 

CCMMON/CHEM/STC, STOX.HFP ,HFC0, HFC02,HFH20,GL0B( 3) , ZEX( 31 
C0KM0N/CYLI/JC1,JC2, 1C,RADC1,RA0C2,RA0N,0CM,0N,JJC2, ICM, jC2M,JClM 

common/cvAry/nhot,npunch,nreao,npres 

DIMENSION W(33) 

C******* «:*!**:***<t‘*K‘ ******************** *********'***************!i‘********» 
C F#PRIHT## SUBROUTINE 

C THIS SUBR,. PRINTS OUT PART OF THE RESULTS FOR EASY EXAMINATION 
C^0*if**t"t!****i-'l:***‘*0**************m*** ****** ****** ********************** 
PR INT 500 
10=1TAB 
IT=IE»1 

IF (NHOT.EO.O) GO TO 80 

00 TO J=1,JN 

IL»IMIN(JI 

IH=1MAX(J) 

00 70 1=1 L, I H 
A( I,J,IT»=T(I ,JI 

TO continue 

00 If (IN0E(NP».r0.1 I IT=IT*1 

iFdNOEINPI.NE.ll GO TO B2 
10=10+1 
no 50 J=I , JN 
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IH=1MAX( J> 

00 50' 1 = IL,1H 
50 A(I,J,IT)=A( 

82 CONTINUE 

IX=1 

DO 10 K=1,I0 

PRINT 100, (ANAMt(L,K»,L*l, 61, NITER 
DO 6 IP=1,3 

IP (( IP.EQ,2) .AND.( IN .LE .21 il GO TO 6 
111=12 

IF (IN.GT.2U 111 = 23 
IF(IP.E0.1» IEND=11 
IF(IP.EQ.2» IEND=22 
IF (IP.’EO.B) IEND = IN 
DO 5 JJ=1,JN 
J=JN+1-JJ 
IF(IP.EQ.l) 111=1 
IF(IP.EQ.2) 111=12 
II2=IMAX( J) 

IF (IP.EO.l) 112=11 
IF (IP.E0.2> 112=22 

IFUK.NE.NWt.ANO.niNOEtKI.NE.n.OR.IK.NE.NVTin GO TO 4 
DO 40 1= I 1 1,1 1 2, IX 
wm=A(I ,J,K) 

IFKK.EO.NVT) .AND. (RUl.GT.O.OM A ( I , J, N VT ) = M ( I ) /R ( J I 

40 CONTINUE 

4 CONTINUE 

print 101, J, (A(I, J, K», I = III, II2, IX) 
IF<(K.NE.NW).AN0.((INDE(K).NE.1).0R.(K.NE.NVT) )) GO TO 5 
DO 41 1 = 111,112, IX 

41 A(I,J,K)=wm 

5 CONTINUE 

IF (IP.EO.l) PRINT 102, (1,1=1, lEND) 

IF (IP.E0.2) PRINT 102, ( I , I =1 2, I END ) 

IF (IP.E0.3) PRINT 102, ( 1 , 1 = 1 1 1 , lENO ) 

PRINT 103 

6 CONTINUE 

10 CONTINUE 

IF (NITER. EO.l) return 
REN0=-42.750«A(1,1,2)/ZMU( 1,1) 

PRINT 401, RENO 
R0SUN=0.0 
DO 20 J=JC2,JN 
20 ROSUM=FOSUMtRO(IN, J) 

ROM£AN=ROSUM/(FLOAT{ JN) -FLOAT ( JC2M) ) 

IFdNDG.EQ.l ) VEXIT=-A( 1 N , JC 2,NF ) / ( ( X2 ( JN )-X2( JC2 ) )*ROMEAN) 

IF (I NOG. EO. 2 ) VEXIT = -2.*A( IN, JC?,NF)/ ( ( R AON*R AON-R ADC 2+RA0C2 ) * 
1 ROHEANI 

PRINT 301, VEXIT 

100 FORMAT) IHl ,35X,21HTHE DISTRIBUTION OF ,6A6// 

223H NUMBER OF ITERATION = ,15//) 

101 FORMATdH ,I2,2X,11( 1PE11.3) ) 

102 FriRMATdHO/llIll///) 

103 FORMAT) IHO///) 

301 FOR«AT(qH VEXIT = ,F8.3) 

401 FORMAT (/// lOX, 

1 55HRFYN0LDS NO BASED ON MEAN MASS FLOW RATE AND MAX DIA 

2 0PF7.1) 

500 FORMAT (1H7) 

RETURN 

END 
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FUNCTION ADFdt JfLX.KOJ 

CO«KOM/CVP/A(33f 15f ‘)».G1 (33f 15 t,G2(33,15l 33t 15 » » 2HU ( 33, 15 > 

C0MM0N/CYLI/JC1,JC2, IC , R AOCl ,R AUt2 ,R AOK, OCfi, !)N , JJC2, I CM, JC2M, JCl 
COMMON/CXlX2/XH33t ,X2( 15» ,OELXU33l,OELX2{ 15 » 
C0MH0N/CGRID/IK1N(33» , IMAX( 33 1 , 1 M, JN , I NM , JNM , 1 E 
DIMENSION AOI33, IS.l'tJ 
DIMENSION 6EA0{20» ,BWSR<20»,PP(2<)» 

EQUIVAIENCE (A(l,l,l),AO(l,l,in 

OF (PN, eENO,BHSR,fJP»XCNQ,XWSR >=(( XENQ*XENO~XWSR*XWSR >♦8?+ 

I XWSR*XKSROBENC!-XENl}*XEN0'*'ewSRI/ (XEKQ*XWSft*tPN*XENQ«-XWSR I » 

C THIS FUNCTION EVALUATES FIRST OERVIATlVES ACCORDING 
C TO THE THREE-POINT QUADRATIC APPROXIMATION 

(^ifi^t‘*<it*******’t‘!<f***^*************m*******************m*****m************-* 

C 

C**A* DEPENDING ON THE POSITION OF THE POINT (I,J», THERE 
C**** are five different EXPRESSIONS FOR THE DERIVATIVE 
C 

M=1 

IF((J,E0.1I .OR.I (J.EO.JC2) .ANO.I I .LE.INI . ANO.I I.GE.IC) M 60 TC 92 
IFII .EO.ll GO TO 93 
IF I J.EQ.JN) GO TO 94 

IF( (( I .EQ.IC) .AND.! J.LE.JC2> .AND .(J.GE .JClt I .OR. 

1 ni.E0.INI.AN0.U.L£.JNI.AN0.(J.GE.JC2M> »=5 
GO TO 99 

92 M=2 

GO TO 99 

93 M*3 

60 TO 99 

94 M=4 

99 CONTINUE 

GO TO (1,2,3,4,5),M 

C***c M=1,...F0R POINTS NOT ON ANY OF THE BOUNDARIES 

1 PN=1. 

IFILX.EQ.ll GO TO 12 

13 IFdJ.EO.n.OR.I J.F0.JC2M GO TO 21 

IFU.EO.JNI GO TO 41 
DO 10 L=l,14 
BENQIL l = AQ(I ,J4^1,U 
BWSRILMAOII, J-1,L> 

10 BPILMAOII ,J,U 
XEN0=X2(J+1>-X2I J) 

XWSR*X2( JI-X2U-1I 
60 TO 100 

12 IFII .EO.ll GO TO 31 

IFIKI.EO.ICl.AND.IJ.EO.lll.OR.lI.EO.INI) GO TO 51 

00 11 L=l,14 

BENQ<LI=AOII+t,J,LI 

BWSRILI=A0(I-1,J,LI 

11 8PIL l = AO( 1, J,L » 

XEN0=X1< I + ll-XKI I 
XHSR=Xim-Xlll-ll 
GO TO 100 

c**** M=2....F0R POINTS ON THE BOUNCARY J»1 

2 IFILX.EQ.ll GO TO 1 

21 PN=-l. 

DO 20 L=l,14 
6CN0(LI=AQtI ,J*1,LI 
eWSRIL l=AOII, J<2,L I 
BPILI'AQII, J.LI 
XEN0=X2I J<- II-X2IJI 
XWSR=X2IJi-2l-X2tJI 


20 
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go TO 100 / 

C*.***: H==3.. . .FOP 'POINTS ON THE lAB-PLANE / 

3 IFH X.NC.l I GO TO I 

31 PN=-l. ■ . 

DO 30 L=l, 14 
BCNQlU = AO(H-lf J,L». 

BW5R(L» = A0n*-2,JfU 
30 BPtLI=AO(I,J,LI 

XENQ=X1( I+l )-Xl( n 
XWSR = Xl(It-2t-Xl( n . 

GO TO 100 ■ 

K = 4.. ..FOR POINTS ON ALL WALLS PARALLEL TO THE J-LINES, 

,'BEYONN Tur: lAB-PLANE 

4 IF(LX.EQ.l) GO TO 1 

41 PN = -1. • ■ - 

DO 40 L=ltl4 

PRINT 14, I,J,LtAO(I.J-lfL> 

14 F0Rf'AT(/»3{?X,I3l,3X,E14.8l 
BDNO(L»=AQ(I ,J-1,L) 

DKSR(L)=A0(I,J-2,LI 
40 BP(L»=AO( I ,J»L) 

XEN0=X2( J-1)-X2(J) 

XWSR=X2( J-2)-X2IJ) 

GO TO 100 

C**** M=5»...F0R POINTS ON THE WALL OF 1= IC AND THOSE ON THE EXIT 

5 if(lx.ne.i) go to 1 

51 PN=-1. 

DO 50 L=l,14 
BENOIL )= AQ(1-1,J,L I 
BWSR(L>=AQ(I-2, J,L» 

50 BPlU = AQn ,J,L ( 

XENQ=X1( I-ll-XK n 
XWSR = X1( I-2I-XH I » 

100 CONTINUE 

IFIKQ.LT .151 GO TO 101 

EVALUATION OF DERIVATIVES FOR VI (K0=15» AND V2 IK0=16) 

BEN0( 15» =BENO( 10 ) /BE NO ( 12) 

BEN0(16)=RENQ( 11 )/BENO( 12) 

BWSR( 15) =BWSR( 10 )/BWSRI12) 

BWSRI 16)=BWSR{ 11 )/BWSR( 12) 

BP,(15 ) = BP( 10 )/BP ( 12 ) 

BP(16)=BPl 11 )/BPU2) 

C**** 

101 CONTINUE 

ADF=DF(PN,BENQ(KQ) , BWSRI KQ) , BP (KQttXENQtXWSR) 

RETURN 

END 

SUBROUTINE BOUNCTIK) 

COHHON/CVP/At 33, 1 5, 9 ) , G II 33, 15) ,o2< 33 , 15) ,ROI 33 , 1 5 ) , 2MU(33 , 15 1 
C0MM0N/CGrID/IHIN(33), IMAX(33),IN,JN • INM, JNM, IE 
C0MH0N/CNUMRP/NW,NF,NZHL,N2MH,NZHC,NZMF,NZPN,NP.NVT 
COMMON/C PARAM/ VI NJ,VINP I 1 5 ) , TP ,PP , TJ , P J , PHI P ,PHIJ 
C0HM3N/CREFER/R0REF, PREF,ZMUREF, TREF, CPRE F,TO 
C0MM0N/CC0NST/PR19) ,ZMW(3) ,CPJI3 ),GCPM,GC,ZJC 

CORMON/CYLI/JCl, JC2, IC, R ADC 1 ,R A0C2 ,R ADN.OCN , ON , J JC2 , 1 CM, JC2M, JCl M 
C0HM0N/CXIX2/X1(33 ),X2( 15) ,DELX1 (33),DELX2( 15) 
C0MM0N/CHEM/STC,ST0X,HFP,HFCC,HFC02,HFH2C,GLCB(3), Z£X(3I 
COMMQN/CRAO/R ( 15 ) 

COPMON/CKVORT/KVORT 

COHMON/CNITER/NITER 

C0HM0N/CIND£X/1N0£<9 ), IN0G,lNDR0,IN0k.(^U 

FP(R0P,Y,XI2)= -ROP*VINPlJ t* I Y-X 12 ) ♦ I 10 .5 *(Y *X 12 ) ) ♦♦! INOG-l) ) 
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FJUnJtY,Xl2)^^rBASE*KOJ4^VlNj + ( Y-XI2I*< <0. ( Y4-XI 2 > > I NDG-1 M 

WP(XI.2I=*0.0AXI2 

KJ(XI2l=^0-0+Xl2 

WVW( DELFtWQfftOPtDELROf ETA2|a -( DEL F /T C-ETA2’«'DX U *’^'2 I 

1 +WQ« (RrjP/6* + DLLR0/8. I ) 

2 /(ROP/3.4^5 .*DtLP.0/24. I 
WHW(WKfDELF,WOTROP,DELROfRAO)* -( Df:LF /( 0X2 +0X2 I 

1 +WQ*(RA0 + HH>^DX2 >♦ 

2 (ROP*(RAD /6,4-WK*0X2/8. I 

3 +DELR0 + (RA0/8,4-WK*DX2/10. > ) I 

4 /(RAD*(R0P*(RAD/3,+5.*WK*0X2/24. » 

5 +0t‘LR0*(5.*RA0/24. + 3.^WK*DX2/20. I I f 

YY(YNtYPI*l./<l.-(YP/YN>«*2> 

C #^BOUNOARY»fJic -- CONOITONS SUBROUTINE 
C BOUNDARY VALUE'S FOR ALL THE DEPENDENT VARIABLES 

C 

c 

C UNIFORM INLET-VELOCITY DISTR IBUT IONS • . . 

C ZERO AXIAL GRADIENTS FOR ALL OEPENDLNT VARIABLES AT EXIT 
C QUADRATIC PROFILE NEAR ^ADIABATIC* BOUNDARIES 

GO TO Cl«2»3t3t3«3t3ltK 

C FOR STREAM FUNCTION A(I,J,NF| 

2 CONTINUE 
IF(NITER.GE.2 J GO TO 211 
DO 205 J=1,JN 

lFnNOG.EQ.2) A(l, J,NFI*FP(RO< !• J I t RAON ,R ( J ) ) 

205 iFdNDG.EO.l ) A ( 1 » J , NF > «FP( RO ( 1 « J I , X2 UN l« X2 ( J II 
DO 204 1=1, IC 
204 A(I, 1,NFI=A(1,1,NFI 
FBASE=A( IC,1 ,NF» 

00 20T J=2,JC1 

1F( INDG.E0.2 I AdC, J,NF|=FJ(RO( IC , J I , R ( J I ,R ( 11 1 

207 iFdNDG.EQ.l I A 1 1 C t J t NF l = F J ( R0( IC , J I , X2 tJ I , X2 ( 1 1 I 

DO 201 1 = 1, IN 

201 Ad, JN,NF)=0. 

DO 208 J=JC1,JC2 

208 AC ICf J,NFI=A(IC, JC1,NF) 

DO 202 I*IC,IN 

202 AlI,JC2,NF|.AnC,JC2.NFI 
211 CONTINUE 

BB=YYC 2.+0ELXK I N-1 ) , XI ( IN I- XKl N- 1 1 I 
DO 210 J»JJC2,JN 

210 At IN,J,NFI=BB*AdN-l,J,NF|-(BB-l.l*A(IN-2, J,NF I 
299 RETURN 

C FDR MASS FRACTION, ENTHALPY, AND MIXTURE FRACTION 

c 

3 BB = YY( 2.»DELX2(JNM) ,X2( JM-X2C JNP) I 

00 816 I*2» INM 

816 A I I, JN,K) = BB<'Ad , JNM ,K I - (BB- 1 . !♦ A ( I , JN-2, Kl 
IF ((JC2-JCll.EQ.il GO TO 51 
jJCi=JCd^i 

8B=YY(2.^DELXinC-ll ,Xl(ICI-XldC-lM 
DO 817 J=JJClfJC2M 
IF (K.EO.NZMrII GO TO 301 
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AlIC, J»KMBa<‘AnC-lr JtK»-(OB-l ,»*A(IC-2» JtKJ 

GO TO PI 7 

301 AFU-A(lCt J ,KZMU 

AH20=l»634<‘l A( lt.I,NZML»-AFUM-0,00l51 
AFC=A(ICf J.NZHC* 

AC0=l.9059<‘( A(1,1,NZML)-AFU»-0.636*AFQ 

A( ICf JfNZHHI =CPREF*( 1260 .-TOUAFU*HFPi-AH2C*HFH20+AFC*HFC02+ACC*HFC 
10 

eiv CrATTNllE 

51 BB-YV(2.*DELX2(2»fX2(2»-X2(m 

DO 819 1=2. ICM 

A( I,l.KI=B««'At I,2,K»-(BB-1.»*A(I,3.KI 
IF (K.EQ.NZMF) GO TO 819 

IF(A( l.l.KI ,LT .0 .0) A( I. l.KI=0.5*(A(It 1. K |4A ( 1 1 2 .K i I 
IF (A( I I'l.KI.LT.O.Ol All .1. Kl =A(If2.KI 
B19 CC'MTINUE 

BB=YY(2.^0ELX2UC2+U.X2(JC2*ll-X2(JC2M 
DO 893 I=IC.INM 
IF(K.EO.NZMH) GO TO 302 

A( T» JC2.K l = BB«A(I. JC2«-l»KI-( BB-1 . > *A ( I . JC2«2»K I 
GO TO 893 

302 AFU=A{1,JC2,NZMLI 

AH20=1.639«( All. I.NZMLI-AFUI^.OOISI 
AFC=A(I , JC2.N7MC » 

ACO= 1.90 59'i'( All. 1,NZML»-AFU»-0.636*AFC 

A( I . JC2,NZMHI=CPREF*(l260.-TOI*AFU*HFp+AH2O*HFH2O*AFC*HFCO2fACO*HF 
ICO 

893 CONTINUE 

6B=YY(2.*DELX1 (IN-H.XK INI-XKIN-Ilt 
DO 820 J=JC2.JN 

820 A(IN. J.K )=BB*AUN-l, J.K »-(BB-l.»*A(IN-2. JtKI 

RETURN 

C FOR VORTICITY. . . . Ad.J.NW) 

44c 4i4[*4i4c4i 44 

I CONTINUE 
WK=FLOAT( INOG-1 1 
lFIKVORT.NE.il GO TO 111 
DX2=X2UNI-X2( JN-U 

DO 11 1=1, INH 

II AU,JN,NWI=WHM(-WK,A( I , JN-l.NF It A( I, JN-l,AWt«RCI It JNit 

1 R0(ItJN-ll-RO(ItJNItRAONI 

DX2=X2(JC24-1 1-X2CJC2 I 
DO 101 I=IC.1NM 

101 A( I,jC2tNW)= WHWtWKt A(It JC2«-ltNF l>A ( 1 1 JC2 tNF ) t A( 1 1 JC2« 1 1 NW I , 

1 RO(ltJC2itRO(ItJC2«l l-RO( ItJC2ltRADC2l 

IF I t JC2-JC1I .EQ.ll GO TO 111 
DXl=XinC)-Xl ( IC-1 ) 

jjci=jcin 

DO 15 J=JJCltJC2M 

15 A(lC,JtNWI=WVW( A(IC-lt JtNFft A( IC-ltJtKWIt 

1 ROClCt JItROnC-lt JI-ROI ICt Jit RUM 

111. DO 10 1=1, 1C 

IFdNDG.EO.ll A(I,1,NWI = 0.0 
1F( IN0G.EQ.2I A(Itl,NWI= 

1 A( I, 2,NW)4^(X2( 21 /( X2(3I-X2(2M I *(A(I ,2tNHI-Af I ,3tNWI I 

10 CONTINUE 

DO 17 J=2,JC1 

17 AtIC,J,NH) = W0(X2(JM/RU) 

BB=YY(2.*DELX1( IN-1 I,X1( INI-Xl MN-ll I 
DO 18 J=JC2,JN 

18 A(IN,J,NWI.= 8R«'A( IN-1, J,NK)-ia8-l.l*AllN”2,JtNHI 
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100 COKTINUE 
RETURN 

C FOR SWIRL VELOCITY 

C**********************************'*** *********** 

4 CONTINUE 

BB»YY(2.*DnLXl{IN-H ,XU!N»-X1 riN-l I I 
DO 41 J«JC2.JN 

41 Al IN,J,NVT» = BB*A(!N-1, JtNVT»-(BB-l.»'»AIlN-2, JfNVTI 

RETURN 
END 

SUBROUTINE TABUCT (ITABI 

COKMON/CVP/AOB, 15r<)»,Gl(33,l5 »,G2(33,15» ,R0<33 , 15 I , ZMU 1 33i 151 
C0RM0N/CGRI0/IMIN(33» , IH AX { 33 » , IN, JN ,1 NM t JNM, I E 
CORNON/C NAME/ AT 1 TLC < 12 » , ASYHBL ( 1 2 » , ANAME I 6, 10 1 
COHNON/CRAD/RI 15 » 

COMMON/CHEM/STC, STOX , HEP ,HFCO» HFC02,HFH20 ,GLOB 1 3 1 , ZE X ( 3 1 
COMMON/CYLI/JCI, JC2, IC,RA0C1,RADC2,RA0N, CCN,ON, JJC2, I CM , JC 2M, JC IN 
COMMON/CN'JMeR/NW,NF,NZML,NZHH,NZPC,NZMF,NZPN,NP,NVT 
COHMON/C INDEX/ INDE ( 9 I , INCG, INDRO , INDZMU 

cqmmon/cvary/nhot,npunch,nreao,npres 

C ##TAEULATE** SUBROUTINE 

C THIS SUBR. TABULATES THE COMPLETE SET OF RESULTS 

C***********************************if**itt******************************** 

IT=ITAB 
IO = IT 

IF I INOEINPI.EO. 1» I0=IT+1 

IF MNHOT.EQ.O) .ANO.IINDEINPI .EC.in IT = IQ 
IF IIE.E0.5I 10=IT 

IF U IE.EQ.6I .CR.INHOT.EQ.OM GC TO 21 

PRINT 101, (ASYMBL(K),K=1,IE),IASYM6LIKI,K*IT,IQI 

GO TO 20 

21 PRINT 101, ( ASYMBLIlO ,Ksl, IE I 

20 CONTINUE 

ILINE»0 
DO 1 J=i^l,JN 
1L=IHIN(J» 

IH>IMAX(J» 

DO 1 1*1, IN 
lLlNE=ILiINB+-l' I 

IFdl .LT.ILI .OP. (I .GT.IHM PRINT 104, 1, J 

IFItl.LT.ILl.OR.d.GT.IHlI GOTCIO 

H*A( I, J, IIORI J I 

Vl=Gltl, JI/RCIl,JI 

V2=G2n , J*f/POt I, J» 

1F( INDEINVTI .EO.ll V3= A( I, J , NVT I 

IFdNDEINVTI .EO.l.AND.RIJI .GT.O.OI Ad,J,NVT l*V3/P (Jl 
IF d 1E.EQ.6) .OR.INHOT.EO.Od CO TO 22 

PRINT 102, I, J, VI, V2, RO(I,JI, ZHI>< I , J ),H, ( ACI , J,K I ,K*2 ,IE I , 

1 (Ad,J,KI,K*IT,IQi 

GO TO 23 • 

22 PRINT 102, I, J, VI, V2, ROd,JI, ZMU I I , J i , K, ( Ad , J ,K i ,K*2 , 1 E I 

23 CONTINUE 

IFdNDEINVT) .EO. II Ad,J,NVTI=V3 
10 CONT I'NUE 

IF dLINE/IN*IN.EO.ILINE» PRINT 103 
IFdE .E0.6.OR.NHOT .EQ.OI GO TO 24 

IF(dN.LT.33l .AND.dLINL=/(2*IN»*(2*INI .EQ.IUNEI I PRINT lOl, 
2IASYMBL(K»,K = l,IEI,(AS:YMBL(K»„K*:d,lQI • 

IFd IN.E0.33I .AND.( ILINE/I IN)*I IN* EO.ILINEII PRINT 101, 
2(ASYMBL(Kr,K=l,.ie> , ( AS YMBL (X I, IT , IQ f 



GO TO 25 

24 TF((IN.Lr.33>.ANO.(ILIN£/(241N|4(2*INI.EQ.ILINEM PRINT lOlt 
2(ASVH6tlK» ,X=l»ie» 

iriUN.E0.33» .ANO.nUNE/( IN)*( IN) .EO .ILINE) ) PRINT lOli 
2(ASYMBL(K),K=1,IE» i 

25 CONTINUE. 

I CONT INUE 

101 FORHATaOHl I JtASH VI V2 DENSITY 

IVISC f6(6X,A6M 

102 FOPMATdH ,2I5»10(lPE12.3n 

103 FORMATIIH I 

104 FORMATIIH f2I5) 

RETURN 

END 

SUBROUTINE PLOTCT (ITABI 

C0MM0N/CVP/A(33f IS 1 9 I , G1 (33t 15 ) i G2 ( 33, 15 I ,R0 ( 33, 15 1 , ZHU( 33 , IS ) 
C0MM0N/CGRID/IMIN{33I,IMAX(33»,1N, JN,1NH, JNM,1E 
COMMON/CNUMBR/NW,NF,NZNL,NZMH,NZKC,NZMF,NZMN,NP,NVT 
C0MP0N/CINDEX/INDE(9», INCG, INDRO, INDZMU 
CPMMON/C NAME/ATI TLE ( 12 » , AS YMBL (12 » , AN AWE ( 6, 10 » 

C0WW0N/CYLI/JC1,JC2, IC, R AOCl ,R ADC2 ,RAON,OCN,nN , JJC2 , ICM, JC2W, JCIN 
COMMON/CH£M/STC,STOX,HFP,HFC0,HFCO2,HFh2O,GLOe<3»,ZEX(3l 
COMMON/CRAO/R( 15» 

DIMENSION X< 1201 ,XA( 9) ,VJ( 9) ,C( 111 ,Y( 41) 
data INTVAL,NVJ1/3,7/ 

DATA XEMTY,XBQUN,(XA(U ,L»1,9I/1H , IH. , IHl , 1H2 , 1H3 aW4 , 1H5 , IHiS , 

I 1H7,1H8,1H9/ 

C.*************************i*************n‘******t*****4****************ni** 

C ##PLOTTING** SUBROUTINE 

C THIS SUBR. GIVES APPROX. CONTOUR-PLOTS OF THE DEPENDENT VAR. 

C ALSO OF TEMPERATURE 

C 

C***» INTVAL=NUMBER OF ’LINE-SPACING BETWEEN TWO J-LINES 

C**^* NVJ=NUMBER OF CONTOUR-LINES TO BE PLOTTED FOR EACH VARIABLE 

C 

DO 20 J<1,JN 
DO 20 1»1, IN 

A( I, J,NWI=A( I , J,NWI*R(JI 

IF(( INOE(NVT).E0.1).AN0. I R ( J I . 6T .0. 0) ) A (I , J, NVt ) sA( I , J, NVT)/R( J) 
20 CONTINUE 
IX=IN/10 
JX*JN/10 

IFdN.LT .101 IX*1 
IFIJN.lt. 101 JX>1 
10*1TAB 
DO 900 K»1,1C 
IFfK.EO.NFI 60 TO 30 
NVJ=NVJ1 

IF (K.EC.NWI NVJ«5 
IFINVJ.EO.ll NVJ=NVJ1 

C«*** FINDING MAX., MIN. AND MEAN VALUES IN THE FIELD ANC 
C**** HENCE OETEPHINING THE INTERVALS 
VM1N»A(5,5,KI 
VMAX*A(8,8,K I 

SUM=0. ' 

NSUM=0 

00 1 J-1,JN,JX 

I11=IMIN(JI 

II2=IHAX(JI 

00 1 1*111,1 1 2, IX 

IF (A(I ,J,KI .GT.VMAXI VMAX* A( I , J, K ) 
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IF(A(UJ,K| ,tT.V»!INl VMIN>A(lt jf K| 

. SOV*SUH«^A(IfJtK» 

I NSU'<=HSUf'«-l 

VKEAN»SUM/'FLOAT»NSUH|. 
VSlEPl=fVMEAN-VKIN»/3. 
VST£P2*'lVMAX-Vf'EANI/3. 
vjm»VMiN*vsrepi 
I yj:(2l=VJtl ^♦VSTEPl 
VJC3»*VMEAN 
VJ ( 4 » * VKEAN^ VSTE P2 
VJI5»*VJ(AI+VSTEP2 
VJC6»«0.95*VMAX 
VJ(7»»l.05*VKIN 

SPECIAL VJ VALUES FOR OPPOSEC JET PRCBLCM 

GO TO e 
30 VJIll*AU«3tNFI 

VJ<2)eA( 1,(JN-6I,NFI 
VJ(3l«AUf (JN-4I,NFI 
VJ(4I-A« l,(JN-2»,NFI 
VJ(5l*AUf iJN-l»,NF» 

VJ(6)sA(1,1,NFI 
VJ(7|sA( ICtJCltNF) 

VJIRI>l.02«A( ICtJClfNFI 
VJt9l«1.0SPA<IC«JCl*NF| 

NVJ«9. 

GO TO 8 
T NVJ*l 

VJUI«STC/ll. + STC» 

8 CONTINUE 

C END. SPECIAL VJ VALUES FOR C-T PROBLEM 

C 

C**** PRINT OUT CONSTANT VALUES TO BE PLOTTED 

PRINT IQltASYMBLIKI 
PRINT 102«(VJILItL-l»NVJI 
PRINT 202 
DO 90 JJ-I«JN«JX 
J*JN«-l-JJ 
MI*IMINIJ» ■ 

11.2*1 MAXI J I 

Ll«l IHiNtJ I/IX-1/IXIP104-1 
L2«n MAX ( J I / 1 X-1 /IX I •10»1 
L3«| IC/I XI*10-3 
IF IIN.LE.21) L3*(1C/IX)*10 
L4*<1N/1X-1/1X»*10 ♦ I 
I8*rx-l/IX+lMlNt Jl 
C**** BOUNDARIES FOR THE PROBLEM 
DO 80 JJN*ltlNTVAL 
DO 100 L*t,101 
1.00 XCL»*XEMTT 
XILllvXBOUN 

IF l(J.iE.JCll.AND.(J.GT.lll: L2-L3 
X(L2I*XB0UN 

IFMJ^EO.JNI. AND. tJJN.EQ.il> GO TO 200 
IFItJ.EO.il. AN0.tJJN.E0.il I GO TO 200 
GO TO 300 

200 DO 201 L-L1.L4 

201 XtLI*xeOUN 
GO TO 390 

300 CONTINUE 
C 
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C**** SPECIAL BOUNDARIES FOR THE COPBUST ION-CHAMBER PROBLEM 
C 

IF ( n J.LE.JCZI.AND.U.GT.JCll I .OR . U J .EQ .JCl I .AND. ( J JN .EQ . 1 tl I 
I GO TO 405 
GO TO 400 

405 DO 405 L=L3fL4 

406 X(L»«XBOUN 
400 CONTINUE 
390 CONTINUE 

C***» INTERPOLATION BETWEEN TWO CONSECUTIVE J-LI.NES 

Jl*J-JX 

IF ( IJ.EQ.JC2 KANO. UJN.NE. II I II2»IC 
DO TO 1=111,112 

IF (U.EQ.ll .OR. ((J.EQ.JC2).ANC.<I.GT.ICI II GO TO 65 
DELAJ=CA( I,J1,KI-A(I , J,K)| /FLOATUNTVALI 
GO TO 70 
65 0ELAJ=0. 

70 Y( I» = A(I,J,KI+FLOAT( JJN-l»*DELAJ 

C**** INTERPOLATION BETWEEN TWO I-LINES 

00 60 I=IB,II2,IX 

IMARK=0 

I1=I-IX 

IFIIX.EO.2) GO TO 71 
GO TO 79 

71 0ELYl=(Yni*ll-Y(Iin/5. 

DO 72 IJK=1,6 

72 C( IJK)=Yni)+FLOAT(IJK-H*OELYl 
DELY2=(Ym-Y(n+l»)/5. 

DO' 73 IJK=7,11 

73 C( fJK|=YUl+l)+FL0AT(IJK-6l*DELY2 
GO TO 74 

79 CONTINUE 

OELY=C Y( I )-Y( 1 1) >/10. 

DO 50 IJK=1,11 

50 C( IJKI=Yn IM-FLOATIIJK-ll + DELY 

74 CONTINUE 

DO 40 KL=l,NVJ 
DO 40 IJK=l,10 

IF(( IX.E0.2I .ANO.I IJK.LT .6)1 0ELY=DELY1 
IFU IX.EQ.2I .AN0.(IJK.GE.6)I CELY=DELY2 
NN=0 

IFUVJIKLI .GE.CI IJKII.AND.CVJIKL I.LE .(C( I JKM-0ELY/2.n I NN=TJK 
IF (( VJ(KL) .GE. (C( IJKI+DELY/2. I ) . AND . ( V J ( KL I . LE .Cl iJKfl M I NN=I JK*1 
IFIIVJIKLI.LE.CI UK) I.ANO. I V Jl KL I . GE . I C < I JK I +DEL Y/2 . I I ) NN=IJK 
IFINN.EQ.O) GO TO 44 
GO TO 41 

44 IF(( IMARK.EO.O). AND. UJN.NE. 1). AND. (UK. EC. 101) GO TO 45 
GO TO 40 

45 DELAJ = CA( I , Jl , K l-A 1 1 , J, K 1 1 /FLOAT I INTVAL I 
CTOP =A( 1 , J,K»4-FL0AT( JJN-2)*DELA J 

IF ((VJ (KL) .LE.(CT0P+DELAJ/2. ) ) .AND. ( VJ (KL I .GE . (C 1 1 1 ) «-OEL A J /2 . I ) ) 

1 NN*11 

IFK VJ(KL) .GE.(CT0P+0ELAJ/2. )) .AND. (VJiKL ) . LE. ( C ( 1 1 ) +DEL A J/2 . I I ) 

1 NN=11 

IFINN.EQ.O) GO TO 40 
41 Nl = IU/IX)*10 

N2=NUNN 
X(N2)=XA(KL) 

IHARK*1 

40 CONTINUE 

PLOTTING OF ALL POINTS ON ONE J-LINE 
60 CONTINUE 
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!F((JJN»PQ.lUAND.IJ.NE.JNn GO TO 61 
GO TO 62 

61 IF((k.EO*NF| .AND.(J.E0.1 n GO TO 67 

802 DO 63 l5=^LlfL2»10 

63 X(L5I*XB0UN 

IFUK^EQ.NFI .AND. U.E0.JC2M GO TO 64 
GO TO 62 

64 DO 66 L5=L3fL4,2 

66 XCL5>=XB0UN 
GO TO 62 

67 DO 69 L5=Ll»L3f2 

69 X(L5»=XB0UN 

62 CDNT INUE 

IF (JJIS.EQ.n PRINT 104, J , ( X < IP ) , 1 , 1011 

IF (JJN.NE.1» PRINT 105, (X(IP),IP=1, 1011 
IF(J.EQ.l) GO TO 90 
80 CONTINUE 

90 CONTINUE 

PRINT 302, ( IZ, IZ^l, IN, IX) 

900 CONTINUE 

101 F0PMAT(25H1CCNSTAnT-VALUE PLOT OF ,A6//22H NUMBERS REFER TO THE 
139HC0NST ANT-VALUES PLOT TED , VALUE S BEING...//) 


FORMAT (IH 

f 3H1 = 

,1P£12.4, 


1 

3H2* 

,1PE12.4, 

IH,, 3X, 

2 

3H3= 

,IPE12.4, 

lH,f3Xf 

3 

3H4» 

,IPE12.4, 

IH f f 3X t 

4 

3H5 = 

,1PE12.4/ 


5 

4H 6 = 

,1PE12.4, 

IH,, 3X, 

6 

3H7= 

,XPE12.4, 

IH , , 3X , 

7 

3H8 = 

,1PE12.4, 

IH,, 3X, 

8 

3H9* 

,1PE12.4) 



103 FORMAT(lHl) 

104 FORMAT! IH , I 2 , lOX , 10 lA 1 ) 

105 FORMATOH ,12X,101AI» 

202 FORMATCIHO///) 

302 FORMAT! 1HZ//12X, 11(12, 8X)/J 
RETURN 
END 

SUBROUTINE PRESCT 

RETURN 

END 
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